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The release of MC252 crude oil following the Deepwater Horizon event has emphasized the need 
to investigate factors controlling the extent of contamination degradation in coastal environments. 
Dam structures created on Fourchon Beach, LA established conditions for PAH and n-alkane 
accumulation and burial along a vertical profile that persists today due to the anaerobic, often 
anoxic, and hypersaline conditions of the groundwater. The ability to remove the oxygen limitation 
present on in situ aerobic biodegradation of buried petroleum-based hydrocarbons in this 
environment was investigated through the coupled process of chemical oxidation and enhanced 
bioremediation using a proprietary formulation of activated persulfate and oxygen-release 
compound. To better understand the interactions of the chemical oxidant with the subsurface and 
to determine its compatibility with further bioremediation, bench and field-scale treatments were 
conducted in order to evaluate the efficacy the coupled process. Degradation of PAH and n-alkanes 
during field treatment were monitored in beach sediment and quantified through GC-MS. Results 
indicated that chemical oxidation with persulfate directly oxidized a differential portion of PAH 
and n-alkanes through a variety of non-specific reactions while satisfying a portion of the oxygen 
demand, indicated by sustained concentrations of dissolved oxygen following addition of oxygen-
release compound. In spite of perturbations to groundwater, resilience of the microbial population 
was observed after the first phase of chemical oxidation, with a final increase in diversity as 
determined by next generation DNA sequencing. Laboratory studies were conducted to determine 
the oxygen demand exerted by buried crude oil and reduced chemical species before and after 
treatment and to further assess the extent of direct degradation from chemical oxidation. Results 
from this research can lead to an improved understanding of the limitations associated with 
applying aerobic bioremediation strategies for oil degradation in oxygen-limited environments. 
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1. INTRODUCTION AND OUTLINE 
1.1. Background 
1.1.1. Deepwater Horizon platform explosion and shoreline exposure 
Following the British Petroleum (BP) Deepwater Horizon (DWH) drilling platform 
explosion in April 2010, nearly 4.9 million barrels of Mississippi Canyon Block 252 (MC252) 
crude oil were released from the seafloor into the surrounding waters of the Gulf of Mexico 
(GOM) (Reddy et al., 2012). Gas and oil experienced a significant residence time in the water 
column, preventing the major loss of volatile species to the atmosphere and causing a dissolution 
of petroleum compounds into the water column (Silliman et al., 2012). Weather events and 
turbulent seas drove to transport suspended oil inland, depositing portions along coastal 
shorelines in the GOM (Urbano et al., 2013), including the 14.5 kilometer stretch of headland 
coast known as Fourchon Beach in Louisiana (LA) shown in Figure 1.1. 
 
Figure 1.1 Location of Fourchon Beach on the Caminada Headlands in Louisiana.  
 
Coastal headland beach environments in LA were disproportionately impacted by 
shoreline oiling (OSAT-2, 2011). Dynamic, eroding headland systems consist of several distinct 
microenvironments consisting of subtidal, intertidal, and supratidal zones along the beach and 
mudflat, marsh, and mangrove environments in the area immediately adjacent to the shoreline. 
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After oil emulsions reached LA headland beaches, waves and tides associated with washover 
events transported contaminants further ashore towards supratidal beach and marsh environments 
(D. N. Curtis, 2014). These processes have resulted in stratified layers of oil and sand resulting in 
a mixture of surface and buried oil deposits (Urbano et al., 2013). In fact, one of the primary 
forms of MC252 oil components deposited onshore in this region was supratidal buried oil 
(SBO) (OSAT-2, 2011). Oil is buried on beaches by two mechanisms: penetration of oil 
compounds through sands and changes in beach morphodynamics driven by storm and tidal 
processes (González et al., 2009). 
Local governments and the National Guard constructed large structures at five locations 
along Fourchon Beach across open breaches as an immediate response to the well explosion in 
order to minimize oil conveyance into marsh ecosystems behind the beach shoreline. At the 
largest breach, denoted as ‘Breach One’, a rock dam was constructed to prevent oil transport into 
adjacent Bayou Moreau. The structures further established conditions for oil accumulation and 
subsequent burial. Mechanical clean-up methods were insufficient in completely removing the 
oil, leaving behind buried oil deposits in some areas (OSAT-2, 2011). Various biogeochemical 
factors in the subsurface and groundwater surrounding SBO in this region cause its natural 
degradation rates to be considerably reduced (Short et al., 2007). Oil deposits can be found 
accumulated along Breach One within the supratidal zone of the beach profile below the six inch 
surface cleaning depth and has potential for re-exposure due to the characteristic coastal 
processes of the headland ecosystem (OSAT-2, 2011; Marilany Urbano et al., 2013). The release 
of MC252 crude oil following the Deepwater Horizon event has emphasized the need to 
investigate factors controlling the extent of buried oil degradation in coastal environments like 
Breach One.  
 3 
1.1.2. Crude oil degradation 
The MC252 oil released from the DWH event is categorized as a light Louisiana crude, 
composed of a complex, heterogeneous mixture of petroleum hydrocarbons. A portion of the 
mixture contains polycyclic aromatic hydrocarbons (PAHs), their alkylated homologues and 
saturated n-alkanes (Liu et al., 2011). Straight chain and branched alkane compounds are a 
significant fraction of crude oil. PAHs are semi-volatile chemical species that are comprised of 
unsaturated compounds with at least two benzene rings and most are known to be toxic to living 
organisms (Schein et al., 2009). Once released into the environment they have a high potential to 
become trapped in sediments due to their high organic carbon partition coefficients and low 
vapor pressures (Wang et al., 2007).  
Biodegradation is an important weathering process for crude oil hydrocarbons after 
compounds have reached shorelines. Some species of indigenous bacteria are known to 
completely transform petroleum hydrocarbons into organic matter, with CO2 and H2O as 
byproducts (Atlas et al., 2011; Mahmoudi et al., 2013) however low oxygen availability can limit 
natural subsurface oil biodegradation (Short et al., 2007). The vast majority of soil genera that 
are known contributors to hydrocarbon degradation are typically detected in the aerobic zone of 
marine sediments (McGenity et al., 2012). While many PAHs and n-alkanes are known to 
biodegrade under aerobic conditions, contaminated sediments along coastal LA and within 
Breach One are often buried during washover events below the beach surface where they 
experience anaerobic or anoxic redox conditions (Rockne et al., 1998). Biodegradation of PAHs 
and n-alkanes are much more limited in the absence of oxygen, yet some transformation is 
possible (Coates et al., 2003).  
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Complex mixtures of hydrophobic aromatic compounds, like PAHs, that have been 
present for years within a sediment matrix or in areas depleted of oxygen are poorly extractable 
and bioavailable (Lemaire et al., 2013). This may limit the direct action of bacteria even as 
oxygen conditions improve. In addition, application of oxygen may be rapidly consumed by 
abiotic inorganic species that readily react with oxygen, such as reduced iron or sulfur species 
commonly present at elevated levels in reduced aquifers, competing with biologically-mediated 
aerobic degradation reactions (Landmeyer et al., 2003). To overcome these problems, chemical 
oxidants in addition to oxygen are often used. In situ chemical oxidation (ISCO), the introduction 
of oxidant compounds into contaminated sediment and groundwater, is a versatile remedial 
technology that can effectively degrade an extensive range of contaminants (Kulik et al., 2006; 
Yen et al., 2011) by oxidizing and thus lowering the concentrations of toxic, recalcitrant 
petroleum hydrocarbons (Sutton et al., 2010). These oxidants can directly degrade some organic 
compounds, lowering the mass available to the bacteria, and can also oxidize inorganic chemical 
species (Sutton et al., 2014).  
Recent research has shown that coupling ISCO with bioremediation can provide an even 
more efficient treatment of subsurface environments contaminated with toxic and persistent 
contaminants and introducing oxygen releasing compounds into the subsurface after chemical 
pre-oxidation can further enhance redox conditions for aerobic biodegradation of remaining oil 
compounds (Lemaire et al., 2013; Sutton et al., 2010). Aerobic conditions are generally 
conducive to the biodegradation of petroleum-based hydrocarbons and the addition of chemical 
oxidants may be capable of improving redox conditions in order to prepare the subsurface 
environment for the efficient addition of oxygen to use in enhanced aerobic bioremediation. 
Emphasis must be placed on understanding the subsurface processes that occur during field-scale 
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treatment and the coupling of different technologies to improve overall remediation efficiencies 
(Sutton et al., 2014). 
1.2. Research Objectives 
Analysis of samples from Breach One at Fourchon Beach, LA shows the persistence of 
PAHs and alkanes many years after the DWH event, indicating that the biogeochemical 
parameters of the saturated and often anoxic supratidal environment cause the natural 
degradation rates of recalcitrant petroleum-based hydrocarbons to be ineffective. Breach One has 
zones characterized by persistent, buried MC252 crude oil and the following biogeochemical 
conditions: high nutrient availability, low oxygen availability, and high salinity. This provides a 
unique field setting to study remedial options for the removal of buried oil in hypersaline, anoxic 
coastal environments.  
The objective of the research presented in this paper is to investigate the potential of 
oxidative degradation of buried residual oil at Breach One and to evaluate the efficacy of 
coupling two accepted technologies in the oxygen-depleted, hypersaline beach environment. 
Two processes—chemical pre-oxidation through the application of activated persulfate and 
enhanced bioremediation through the introduction of a solid calcium-oxide oxygen releasing 
compound— were used to assess the impact of chemical pre-treatment on biodegradation of 
buried crude oil compounds. It is expected that ISCO will pre-treat high levels of petroleum 
hydrocarbons while satisfying the intrinsic oxygen demand, thus preparing the environment for 
the addition of an oxygen-releasing compound for enhanced biological treatment of residual oil. 
Distribution of PAH and n-alkane compounds pre- and post- treatment was surveyed throughout 
the process and impacts of treatment on groundwater chemistry were continually monitored. The 
kinetics of degradation and doses of chemical oxidant were assessed under controlled laboratory 
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conditions. Microbial communities were characterized before and after the first application phase 
of persulfate oxidant in the field and the extent of the emergence and alterations of microbial 
crude oil degraders after ISCO were investigated.  
While ISCO with persulfate has seen commercial application, investigations into its field 
application, the impacts on groundwater characteristics, microbial communities and soil structure 
are limited (Sutton et al., 2011). The intent of this research is to determine the factors controlling 
the extent of oxidative degradation of buried oil in beach sands and to demonstrate that the use of 
the two accepted can be accomplished in hypersaline beach environments with emulsified oil. 
Outcomes will assist future disaster responders in making remedial decisions related to coastal 
petroleum spills, especially those relating to oil trapped below the ground surface.  
1.3. Environmental Relevance of the Study 
The long-term impacts of the DWH spill on Louisiana’s ecosystem are potentially 
immense. Coastal ecosystems provide important ecological and economic services such as storm 
protection, carbon sequestration, and nurseries for fish and shellfish (Mahmoudi et al., 2013). 
The continued presence of buried oil within Fourchon Beach’s subsurface is a major threat due 
to the characteristic eroding processes of the headland and breach ecosystem, highlighting the 
high potential for future exposure of buried contaminants. The Shoreline Clean-up Completion 
Plan (SCCP) remedial guidelines have not been met for the segment of beach at Breach One and 
current conditions indicate that natural recovery of buried MC252 crude oil is extremely slow 
and ineffective. Investigating the advancement of degradation at this site will provide oil 
response leaders with valuable information on choosing the most efficient course of remedial 
action in the future.   
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1.4. Organization of Thesis 
 The research presented within this thesis is divided into two sections: in situ field analysis 
and controlled laboratory studies. Chapter 2 reviews all in situ methods and results conducted for 
Breach One field remediation including site location, field application, data collection and 
measurements, treatment approach, and results of the coupled treatment process. Chapter 3 
outlines the laboratory studies conducted alongside the field research with experimentation 
purpose, methods used, results and discussion of findings. The closing chapter, Chapter 4, 
summarizes overall results, and implications from the aforementioned chapters and highlights 
future research suggestions. 
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2. GEOCHEMICAL AND MICROBIOLOGICAL CHARATERISTICS DURING COUPLED 
IN SITU OXIDATION OF BURIED MC252 OIL 
 
2.1. Introduction 
 2.1.1. Background 
Mississippi Canyon Block 252 (MC252) crude oil from the Deepwater Horizon well 
explosion reached the shoreline of Fourchon Beach, Louisiana in May 2010 (Marilany Urbano et 
al., 2013). As an immediate response to the explosion, local parish governments and the National 
Guard constructed hard structures across five open breaches along Fourchon Beach to prevent 
the further transport of oil into marsh ecosystems located behind the shoreline. At the largest 
breach, denoted as ‘Breach One’, a 120-meter-long rock dam (Figure 2.1) was constructed, 
consisting of 3,500-pound sand bags, known as “Super Sacks”, and a double row of rip-rap filled 
with sand and coarse gravel (OSAT-2, 2011). The structure was topped with a sand, limestone, 
and clay mixture to prevent oil movement. 
 
 
Figure 2.1 Hard structure established across Breach One at Fourchon Beach, LA consisting of 
Super Sack bags and a 120-meter-long rock dam (May 21, 2010). 
 
The hard structure established conditions for oil accumulation and burial along the length 
of the channel. Mechanical clean-up methods were insufficient, especially near the water table 
and did not prevent the vertical transport of contaminants (OSAT-2, 2011). Depositional beach 
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processes continued to take place during response efforts, bringing in new oil deposits and 
burying existing contamination (González et al., 2009). Over time, the former breach channel 
completely filled in. Subsurface oil was delineated as part of the Louisiana Augering and 
Sequential Recovery (LAASR) program and the former channel location is shown in Figure 2.2. 
Clean-up efforts ended at the site in 2014, leaving behind a heterogeneously distributed deposit 
of residual oil buried within the subsurface in the supratidal zone of the beach (OSAT-2, 2011). 
 
 
Figure 2.2 Breach One after clean-up response efforts ended. Points represent residual MC252 
oil thickness (inches) distributed along the profile of the filled-in breach channel as determined 
by the LAASR Program (2013). 
 
Buried oil on coastal headland beaches in Louisiana is persistent, particularly when 
accumulated at or below the water table or when associated with thick and/or emulsified deposits 
(Short et al., 2007). Additionally, weathering processes at sea reduced the concentrations of the 
more biodegradable lower ring PAHs, leaving behind a mixture of alkylated 3- and 4-ring 
 10 
compounds with lower susceptibility to further physical and biological degradation processes 
(Urbano et al., 2013). Oxygen fluxes to these areas are small and consumption rates are high, 
resulting in base oxygen concentrations that are too low to support aerobic biodegradation. It is 
generally assumed that the primary mechanism of hydrocarbon biodegradation in marine 
sediments is aerobic respiration due to higher removal rates under those redox conditions (Atlas 
et al., 2011; McGenity et al., 2012). Providing a supply of oxygen to buried crude oil can 
promote aerobic conditions, enhancing the rate and extent of contaminant degradation (Rowland 
et al., 2000). Enhanced biodegradation of buried crude oil has been investigated in beach 
environments and results were indicative of biodegradation of PAH-based hydrocarbons, 
facilitated by the supply of oxygen and nutrients (Bernabeu et al., 2010).  
Aquifer sediments and groundwater in intrinsically anaerobic or anoxic subsurface 
environments may contain reduced inorganic chemical species that can compete with bacterial 
populations for any applied oxygen. These include reduced iron and sulfide species produced as 
end-products of anaerobic respiration processes. Because abiotic reactions are generally known 
to proceed more rapidly than biologically-meditated oxygen consumption, these reactions would 
place a significant demand on injected oxygen (Lemaire et al., 2013). Therefore, introducing 
oxygen into environments into some aquifers may not always guarantee enhanced aerobic 
bioremediation due to pre-existing hydrologic, geochemical, and microbiologic barriers. 
Remedial strategies employed in environments such as these must be based on removing the 
oxygen limitation on biodegradation (Landmeyer et al., 2003).  
2.1.2. Previous efforts at Breach One: oxygen biostimulation  
A field trial of aerobic bioremediation at Breach One began in July 2015, conducted 
through the use of emitter technology that injected pure oxygen via a wound piece of silicon 
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tubing through a multi-well system into the subsurface groundwater. Later, a groundwater 
recirculation strategy was employed whereby aerobic groundwater was added directly to wells 
(Fitch, 2016). Response indicated that buried oil showed signs of weathering due to the 
introduction of oxygen into the anaerobic groundwater, enhancing the composition of the 
halophilic, aerobic hydrocarbon degrading microbial community (Fitch, 2016; Romaine, 2016). 
Difficulties in continuously delivering oxygen via emitter wells were encountered and 
oxygenated groundwater was primarily confined to emitter wells due to slow groundwater 
velocity. However, the ability to successfully convey bioavailable oxygen for enhancement of 
aerobic crude oil biodegradation was demonstrated at Breach One (Romaine, 2016). Certain 
areas within the subsurface remained anaerobic following oxygen amendment by emitter 
technology, suggesting that an alternative oxygen amendment strategy may be preferable.  
2.1.3. In situ chemical oxidation coupled with bioremediation 
Enhanced aerobic bioremediation alone can be successfully used for treatment of 
sediments contaminated with lower molecular weight compounds, however can have limited 
applicability in environments with complex mixtures of highly hydrophobic aromatic compounds 
like PAHs that have been present for multiple years, as is the case at Breach One (Kulik et al., 
2006; Lemaire et al., 2013). Additionally, introducing oxygen to anoxic or anaerobic sites may 
not initially guarantee enhanced aerobic biodegradation due the intrinsic oxygen demand in these 
environments (Landmeyer et al., 2003). The high background demand of oxygen at Breach One 
is caused by both the presence of crude oil hydrocarbons and pre-existing inorganic chemical 
species naturally present in anaerobic aquifers (i.e. organic carbon and reduced forms of iron, 
manganese, and sulfur). When oxygen amendments or chemical oxidants are introduced into the 
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subsurface, a portion is consumed by reactions with a variety of non-target reduced species 
(Lemaire et al., 2013; Medina et al., 2018).  
 ISCO has been suggested to optimize biodegradation by improving the bioavailability of 
aged, recalcitrant compounds and preparing the environment for the addition of a source of 
oxygen by satisfying the oxygen demand (Lemaire et al., 2013; Martínez-Pascual et al., 2015). It 
has been demonstrated that coupled ISCO and enhanced bioremediation is feasible, albeit 
chemical oxidation may temporarily impact microbial communities due to changes in oxidative 
stress, pH, and conductivity (Sutton et al., 2011). To better understand interactions of persulfate 
with subsurface components and to determine the compatibility with further bioremediation, a 
full field-scale treatment at Breach One was conducted. 
The remedial strategy includes the initial addition of a proprietary formulation consisting 
of activated sodium persulfate (Na2S2O8) oxidant (PersulfOx
®, hereafter referred to as 
‘persulfate’) to the subsurface, coupled with ongoing enhanced aerobic bioremediation through 
addition of an oxygen-releasing compound in order to optimize conditions for the degradation of 
residual MC252 crude oil at Breach One. The soluble persulfate compound incorporates a dual 
activation process equipped with initial alkaline activation and a heterogeneous catalyst 
technology that deploys once alkaline activation becomes limited (Wilson et al., 2013). 
Persulfate anions (S2O8
2-) have a high redox potential of 2.10 volts and can be activated by 
various initiators to form more dominant sulfate and hydroxyl free radicals (SO4˙, OH˙) that have 
even higher redox potentials (Yen et al., 2011). These radical species rapidly interact with other 
compounds through a variety of reaction mechanisms including direct electron transfer, addition 
to double bonds, and removal of hydrogen atoms (Wilson et al., 2013). 
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There are not adequate levels of oxygen at Breach One, so after chemical pre-oxidation, 
contaminant degradation will either cease or proceed by more inefficient anaerobic processes 
unless a supply of oxygen is provided (Rowland et al., 2000). Biodegradation will be amplified 
through the addition of an oxygen-releasing compound consisting of a proprietary formulation of 
soluble calcium oxide (ORC+®, hereafter referred to as ‘ORC’) (Nebe et al., 2009). In the 
presence of this long-lasting, controlled released compound, aerobic microbes capable of 
degrading crude oil can flourish and accelerate their natural attenuation rates (Regenesis, 2017).  
While ISCO with persulfate has seen commercial application, investigations into its field 
application, the impacts on groundwater characteristics, microbial communities and sediment 
structure are limited (Sutton et al., 2011). The intent of this research is to assess the impact of 
chemical pre-oxidation on biodegradation of buried oil compounds and to determine the efficacy 
of coupling ISCO technology with enhanced aerobic biodegradation during field-scale treatment 
in an oxygen-limited, hypersaline beach environment. The potential of oxidation of the 
remaining residual oil at the field site by a combination of the persulfate and calcium peroxide 
was evaluated. Investigations of the microbial response to application of chemical oxidant took 
place in order to develop the full scope of feasibility of coupling the two technologies in 
environments similar to Breach One. The distribution of PAHs and n-alkane levels pre- and post-
treatment were surveyed and impacts of persulfate treatment on groundwater chemistry were 
monitored. Microbial communities were characterized before and after the first application phase 
of persulfate oxidant in the field and the extent of the emergence and alterations of microbial 
crude oil degraders after ISCO were investigated. Outcomes will assist future disaster responders 
in making remedial decisions related to coastal petroleum spills, especially those relating to oil 
trapped below the ground surface.  
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2.2. Materials and Methods 
 2.2.1. Site description  
The study site is located in Lafourche Parish at Breach One on Fourchon Beach, LA 
(Figure 2.3). Mechanical clean-up methods were insufficient in removing accumulated oil 
beneath the water table at the base of the rock dam structure and response efforts ended at the 
site in 2014, resulting in a buried oil deposit across an 8 feet (2.4 m) beach profile. It has recently 
been discovered that 4 sand bags from the hard structure at Breach One were also left and remain 
buried in the subsurface. There is a heavy degree of oiling between the gaps in the sack and their 
location is directly coincident with the remaining residual oil.  
 
 
Figure 2.3 Location of Breach One on Fourchon Beach, Louisiana in Lafourche Parish. 
 
The beach profile at Breach One is composed of a 6-8 feet (1.8-2.4 m) layer of sand 
overlying a clay platform. The surface is permanently wet and the groundwater at this location is 
hypersaline (> 50 ppt) and significantly depleted of oxygen (DO typically below 0.1 mg/L). The 
oxidation reduction potential (ORP) of the groundwater consistently indicates reducing redox 
conditions (<-200 mV). The groundwater is consistently colored, ranging from yellow to black 
due to formation of pyrite (FeS) observed as particles in the pumped samples. The intrinsic 
oxygen demand is high because anaerobic conditions cause the presence of reduced species like 
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ferrous iron and sulfide that compete with crude oil hydrocarbons for oxygen and other electron 
acceptors. 
 2.2.2. Field oxidant delivery in hypersaline groundwater at Breach One 
A field trial of chemical pre-oxidation coupled with ongoing enhanced aerobic 
biodegradation consisted of two treatment application phases. Phase One (P1) began on 
02/24/2017 and consisted of the initial application of the persulfate oxidant within the roughly 
100 square meter treatment zone at Breach One presented in Figure 2.4. It was during this 
application that the buried sand bags and heavy oiling within the gaps of the sacks were 
discovered. Phase Two (P2) began on 11/11/2017 and was a subsequent addition of chemical 
oxidant and co-application of the first addition of ORC. Additionally, sequential P2 re-
application occurred on 01/19/2018. Oxidant material was point-spaced applied in rows within 
the treatment zone through the use of solid-stem auger drilling. At each application point space, 
sediment was excavated with the auger, oxidant material was then applied to the borehole, and 
sediment was back-filled into the application point and the material was homogenized with the 
auger stem. Point-spacing within and between application rows were 3 feet (0.9 m), based on the 
use of a 3 feet (0.9 m) diameter auger. The auger reached down to about 8 feet (2.4 meters) of 





Figure 2.4 Layout of Phase One (P1-2/24/2017) and Phase Two (P2-11/11/2017) oxidant auger 
application points within the treatment area (roughly 60 m2) at Breach One, Fourchon Beach. 
 
Proprietary application dosing was determined using parameters obtained from the 
treatment zone at Breach One. Calculations were performed by the oxidant manufacturers based 
upon known chemical and geologic relationships to generate an estimate of the mass of product 
and subsurface placement required to affect remediation of the site. The dosage rates of 
persulfate and ORC in grams of oxidant per grams of sediment were 0.043 and 0.014 
respectively. 
 2.2.2. Field subsurface solids sampling 
Subsurface sediment samples were regularly extracted from the treatment zone at Breach 
One throughout the treatment phases. Immediately before P1 and P2 applications, samples from 
8-foot (2.4 m) auger holes were taken from the application points for analysis of residual oil 
distribution and microbial community at this depth. In addition to the two auger sampling events, 
test pit sediment samples were regularly obtained from the treatment zone subsequent to P1 
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addition at 2- to 4-week intervals until P2 began. Homogenized test pit grab samples were taken 
in triplicate from three 1.5-meter deep locations. At each sampling event, Test Pit A and B 
locations were assigned using a random number generator which selected an x,y coordinate in 
the treatment zone. Test Pit C was randomly assigned an x-coordinate but a fixed y-coordinate. 
The y-coordinate placed the Test Pit C location directly above the known location of the buried 
sand sacks on the ocean side. These samples were used to evaluate the impact that P1 application 
had on residual oil and microbial populations at approximately 1.5-meter depths within the beach 
profile. All sediment samples were kept at -18 degrees Celsius until laboratory analysis. 
 2.2.4. Field groundwater sampling and monitoring 
 
 Temperature, pH, conductivity, oxidation reduction potential (ORP), dissolved oxygen 
(DO), and total dissolved solids (TDS) of subsurface groundwater within the treatment zone at 
Breach One were evaluated during each sediment sampling event. The locations of the wells 
within the treatment area are depicted in Figure 2.5. Groundwater parameters were recorded at 
two monitoring wells at Breach One pre- and post-P1 application: one center monitoring well 
located within the treatment zone (denoted as ‘W1’) and one reference monitoring well located 
approximately 15 meters from the CW (denoted as ‘RW’). Subsequent to P2 application, 4 
additional groundwater wells within the treatment zone were regularly monitored (denoted as 




Figure 2.5 Layout of subsurface groundwater monitoring well location at Breach One, Fourchon 
Beach. 
 
Samples were extracted from 4 inch (100 mm) diameter groundwater monitoring wells 
that were installed to a depth of 2.4 m. Water was collected by inserting ¼-inch (0.6 cm) low 
density polyethylene tubing through the depth of the well and pumped with a battery powered 
Geopump Easyload II High Performance peristaltic pump. Wells were purged by removing 
approximately 2-3 well volumes before sample extraction to ensure representativeness of the 
groundwater in the subsurface. Measurements were conducted in the field immediately after 
sampling. DO was measured using HACH HQ40d Portable Multi-Parameter Meter and an 
IntelliCAL™ LDO101 Rugged Luminescent/Optical Dissolved Oxygen Probe. A calibrated 
Myron L Company Ultrameter II 6PFCE was used to measure pH, TDS, ORP, temperature and 
conductivity.  
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 2.2.4. Laboratory oil extraction  
 The distribution of PAHs and selected n-alkanes for all Breach One subsurface sediment 
field samples were evaluated in the laboratory. Petroleum hydrocarbons were isolated from 
samples through solvent extraction and quantified by gas chromatography/mass spectrometry 
(GC-MS). Approximately 10 grams of sediment were used for extraction. Samples were mixed 
with sodium sulfate and magnesium sulfate to remove moisture and transferred into individual 
stainless-steel cells for use with a Dionex Accelerated Solvent Extractor (ASE) 350 (Thermo 
Scientific, Waltham, MA). The cells were extracted using a 50:50 mixture of hexane and acetone 
solvents at a temperature of 100 °C under a pressure of 1700 psi. The resulting liquids were 
flushed from the cell into a collection bottle and were then reduced to a volume of 10 mL, or 20 
mL if heavily oiled, using a RapidVap N2 Dry Evaporation System (Labconco, Kansas City, 
MO). 1 mL of the concentrated eluates were prepared in 1.5 mL Agilent vials with 5 L 
deuterated internal standard (napthelene, acenaphtheylene, phenanthrene and chrysene) for 
selected PAH and n-alkanes analysis (Table 2.1 and Table 2.2).  
Analysis was performed by a Hewlett Packard 6890N gas chromatograph equipped with 
an HP 6890 series autosampler, DB-5 capillary column (30 m x 0.25 mm x 0.25 m film), and 
HP 5973N mass selective detector. An aliquot (1 L) of each sample was analyzed and helium 
was used as the carrier gas at a rate of 5.7 mL/min. The temperature program was set at 300 °C 
for the injector, 280 °C for the detector, and 45 °C for 3 minutes with increase at 6 °C/min to 315 
and held for 15 minutes for the oven. Blanks prepared with 1 mL hexane:acetone and 5 L 
internal standard and calibration standard samples were used during each run for quality control. 
The concentration of individual PAH and alkane compounds (Table 2.1 and 2.2, respectively) 
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were estimated based on areas under the chromatographic peaks using the internal standard as 
instrumental reference.  
Table 2.1 Polycyclic aromatic hydrocarbon (PAH) compounds quantified by GC-MS method. 
 


































(C4-P)    Fluoranthene 
     pyrene 
     C1-pyrene/fluoranthene 
     hopanes 
 
Table 2.2 n-Alkane compounds quantified by GC-MS method. 
 
Light Heavy Biomarkers 
Decane(C10) docosane  (C22) Pristane 
undecane  (C11) n-tetracosane  (C24) Phytane 
dodecane  (C12) n-hexacosane  (C26) Hopane 
tridecane  (C13) n-octacosane  (C28)  
tetradecane (C14) n-tricontane  (C30)  
Pentadecane (C15) n-dotricontane (C32)  
Hexadecane (C16) n-hexatriacontane(C36)  
Heptadecane(C17)   
Octadecane (C18)   
n-eicosane  (C20)   
 
 Total petroleum hydrocarbon fractions (TPH) were also determined in sediment samples. 
Samples were extracted with the Thermo Scientific Dionex ASE 350 using a 50:50 mixture of 
hexane and acetone solvents at a temperature of 100 °C under a pressure of 1700 psi. The 
resulting extracts were filtered through a layer of anhydrous sodium sulfate for removal of 
particulates and water. Solvents were evaporated from the samples using RapidVap at 35% speed 
and 70 °C. The RapidVap cylinders and resulting petroleum compounds were placed in a 
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DryKeeper Sanplatec Dessicator after evaporation until they reached room temperature. The 
TPH content was then gravimetrically determined with an analytical balance.  
 2.2.5. Oil degradation analysis 
Statistical analyses were performed to compare data using SigmaPlot software. The 
Shapiro-Wilk test was performed on paired samples to check for normality with an alpha level of 
0.05. A p higher than the alpha indicated a normally distributed population. A two-tailed t-test 
was ran to test for differences between two sets of normally distributed data and the resulting p 
indicated significant difference if less than 0.05. Lastly, the Mann Whitney Rank Sum test was 
computed for data that was not normally distributed. 
The weathering ratio approach was used to characterize and interpret the complex 
mixture of PAH compounds within the subsurface and to demonstrate the extent of weathering 
that occurred post-recirculation of oxygenated groundwater and prior to P1 application. 
Diagnostic ratios consisting of chrysene-normalized distributions of PAHs were computed to 
compare oil samples between sampling events (Romero et al., 2017). Two ratios are presented in 
this paper that compare concentrations of two groups of 3-ring alkylated PAHs, phenanthrenes 
and dibenzothiophenes, with the most recalcitrant group of 4-ring chrysenes. The fractions of 
phenanthrenes (Eq. 2.1) and dibenzothiophenes (Eq. 2.2) were taken from each alkyl homolog 
group and normalized to the sum of alkylated chrysenes which are more stable to degradation.  
PWR =
Σ (C1-4 Phen)
Σ (C1-3 Phen + C1-3 Chry)
 Eq. 2.1 
DWR =
Σ (C1-3 Dibenz)
Σ (C1-3 Dibenz + C1-3 Chry)
 Eq. 2.2  
Crude oil degradation rate constants for total PAHs and alkanes for pre-P1 and pre-P2 
samples were determined. Reactions were assumed to be first-order. Previous studies on the 
 22 
persulfate degradation have indicated that this assumption is valid (Thomson, 2009). A linear 
regression analysis was performed using SigmaPlot (Equation 2.3).  
      ln
C
Co
=  −kt Eq. 2.3 
Where: C = Concentration at time t  
  C0 = Initial Concentration  
 k= Reaction rate constant (days-1)  
 t= Time (days)  
 
A contour mapping program, Surfer® 14 (Golden Software) was used to visualize the 
distribution of buried residual oil before and after the first phase of chemical oxidation. The grid 
file was created using distance, length, and coordinate information obtained from Breach One 
along with concentrations determined from laboratory analysis of subsurface sediments. The 
contour maps were created by applying the Kriging Point Grid Method, for which the 
interpolated values are modeled by a Gaussian process governed by prior co-variances 
incorporating planar regression (z=Ax+By+C) and ANOVA analysis. 
2.2.6. Microbial extraction and analysis 
 Isolation and extraction of the 16S rRNA gene fragment and band sequencing allowed for 
the observation of the differences in the microbial community composition and diversity before 
and after the first phase of oxidative treatment. Microbial extraction and characterization was 
performed for the following Breach One field samples: 11 pre-P1 subsurface samples and 21 
post-P1 samples. Genomic DNA extraction was performed on 0.5 g aliquots from each sample 
using a PowerSoil DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA) optimized with 
the following modifications: 
(I) Initial removal of 200 L of the PowerBead tube solution and replacement with 
200 L of phenol:choloroform:isoamyl alcohol 
(II) Combination of triplicate samples onto a single filter during the spin filter 
process, and 
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(III) Concentration of final sample through addition of 50 L of solution C6 rather 
than 100 L. 
DNA yields were measured after extraction using a Thermo Scientific NanoDropTM 
spectrophotometer to obtain concentration values. DNA samples with concentrations greater than 
10 ng/L were sent to Michigan State University’s Research Technology Support Facility for 
next-generation whole genome sequencing by PCR. 16S rRNA of the genomic DNA was 
amplified with primers 515F and 806R and then sequenced on the MiSeq Illumina platform 
(Caporaso et al., 2012).  
Resulting sequence data was processed and analyzed using Mothur v.1.34.4 software, a 
bioinformatics tool for analyzing 16S-rRNA gene sequences (Kozich et al., 2013) (Gomez-Smith 
et al., 2015). For all sequences, pair-end reads were combined to generate single sequences and 
then quality-screened. Sequences with lengths outside of a range of 270 base pairs (bp), any 
mismatched pairs, ambiguous bases, or homopolymers longer than 8 bp were excluded from the 
analysis. Remaining sequences were aligned to the SILVA 16S rRNA database after the removal 
of chimeric sequences using the UCHIME algorithm (Edgar et al., 2011). Sequences were 
assigned to the taxonomic affinities using a Bayesian classifier with an 80% threshold against the 
Ribosomal Data Project (RDP) reference files (version 16). Sequences that were not assigned to 
the domain bacteria or archaea were not included. Sequences were clustered into Operational 
Taxonomic Units (OTUs) at a cutoff of 97% similarity threshold.  
In order to analyze the changes in the microbial communities, parsimony analysis was 
performed along with nonmetric multidimensional scaling (NMDS) plot analyses constructed 
from the normalized abundance data. To describe which microbial populations were responsible 
for significant differences in representations between samples from different dates, a non-
parametric t-test (LEfSe) was conducted. Significant differences in relative abundance of 
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taxonomic groups from different sampling dates during the treatment were evaluated by an 
analysis of variance (AMOVA) at a significance threshold of p < 0.05.  
2.3. Results and Discussion 
 2.3.1. Weathering of oil during groundwater recirculation strategy 
 To combat limitations encountered with the oxygen emitter well strategy that was 
employed at Breach One from 07/2015 to 03/2016, a temporary groundwater recirculation 
strategy was conducted from 04/2016 to 02/2017. During this phase, which took place before the 
ISCO treatment described in the subsequent section, oxygenated groundwater was added directly 
to monitoring wells via an above-ground tank. To determine if additional weathering of PAHs 
was observed, direct-push sediment core samples (2.4 m depth) were taken on 09/03/2016 from 9 
extraction points within Breach One’s treatment area presented in Figure 2.6. Points A1-A3 were 
directly in front of the A injection well while points B1-B3 were directly in front of the B 
injection well. Three additional points were also taken from within the treatment zone (C1-C3). 
These sediment samples were compared to the auger application point samples taken from the 






Figure 2.6 Sediment core extraction points taken on September 3, 2016 during the recirculation 
oxygen delivery strategy at Breach One, Fourchon Beach. 
 
Weathering ratios (PWR and DWR) for sediment samples were computed from PAH 
analytical data for the aforementioned samples. The ratios of each sample from all cores and pre-
P1 extractions are plotted to determine if additional weathering was observed during the latter 
part of the oxygenated groundwater recirculation strategy from 09/03/2016 to 02/24/2017 
(Figure 2.7). Declines in the weathering ratios reflect weathering processes occurring over time, 
i.e., biodegradation. Weathering of PAHs is therefore indicated by the movement of 




Figure 2.7 PAH weathering ratios of dibenzothiophenes (x-axis) and phenanthrenes (y-axis) for 
samples during weekly recirculation of oxygenated groundwater through above-ground tank and 
samples post recirculation from 9/3/16 (A1-A3, B1-B3, C1-C3) to 2/24/17 (pre-P1). 
  
Comparing 09/03/2016 samples and post-samples following the recirculation strategy 
shows minimal evidence of PAH weathering. Lowest PWR averages for 09/03/2016 samples 
were observed in the B1 core (0.740), the extraction point that was closest to the B injection 
well, and the ranges for A and B cores were generally lower than those of C cores. Highest PWR 
ranges were seen with 09/03/2016 C1, C2, and C3 core samples. Statistical analysis indicated no 
significant differences in PWR values from 09/03/2016 to 02/24/2017 of the recirculation 
strategy except for those between B1 and pre-P1 samples. This indicates that 3-ring PAH 
degradation may have been limited during latter end of the recirculation strategy except in areas 
near the B1 extraction point. 
Samples from extraction core B1 also had the lowest DWR average (0.526). Weathering 
ratios for dibenzothiophenes were significantly lower in post-recirculation sediment samples 
when comparing those to samples from B1, A1, and A2. This demonstrates that the recirculation 
Dibenz/ (Dibenz+Chrysene)




































strategy was more efficient with lower molecular weight PAHs compound degradation. No 
substantial differences in PWR or DWR were observed between C and post-recirculation 
samples, suggesting that zones farthest away from the injection wells were not effectively 
impacted during the recirculation strategy. Results indicate that oxygen was only maintained 
transiently most likely due to rapid consumption and limited loading rates as a response to the 
high intrinsic oxygen demand, slow groundwater velocities, and the heavy degree of oiling in the 
buried sand sack area. More aggressive oxidant dosing is needed to broadly impact the residual 
crude oil in the treatment zone at the site. 
 2.3.2. Impacts on groundwater during the coupled ISCO process 
P1 of ISCO treatment began after the recirculation strategy on 02/24/2017. Groundwater 
parameters were continually monitored throughout the process in order to assess impacts caused 
by application of oxidants and to ensure their delivery efficiency and stability. It is noted that 
groundwater samples taken immediately after P1 application were rust-colored and full of 
particulates, which provides an indication of the precipitation of iron oxides following oxidation 
with persulfate. Additional measurements were taken from groundwater monitoring wells to 
assess further impacts.  
ORP measurement can be used as an indicating parameter for persulfate and sulfate 
radical presence in the subsurface during the ISCO process (Sutton et al., 2011). Following P1 
application in February, an immediate rise in conductivity and ORP was observed in the center 
monitoring well, W1 (Figure 2.8). The ORP in this well increased from approximately -300 mV 
to 300 mV before returning to near baseline reducing values by 06/2017. The post-application 
pH value in W1 decreased slightly below neutral with a lowest value of 6.02. However, by 
October the pH within the treatment zone had fully recovered, indicating that the buffering 
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capacity of the aquifer had neutralized the acidity. The source of this acidity is likely caused by 
the oxidation of pyrite (FeS) (Zhang et al., 1995), a reduced mineral commonly observed in 
subsurface wells at the site. DO remained below detection, indicating intrinsic anoxic conditions, 




Figure 2.8 Groundwater impacts after phase one (post-P1) of ISCO in the center monitoring well 
(W1) and reference well (RW).  (a) Conductivity is shown in mS/cm, (b) oxidative reduction 
potential (ORP) in mV, (c) pH in s.u., and (d) dissolved oxygen concentration in mg/L. 
 
Post-P2 groundwater parameters were measured within monitoring wells W1-W5 (Figure 
2.9). Perturbations in conductivity, pH, and ORP were slower to return to pre-oxidation values 
following P2 application than was seen after P1. Depletion of the sediment oxygen demand and 





































































































































































































buffering capacity during the first application may have contributed to the delayed attenuation of 
pH, ORP, and conductivity observed following P2 application (Sutton et al., 2014). ORP values 
in all wells except W2 demonstrated positive, oxidizing levels after P2 addition. Highest values 
(> +500 mV) were observed in W1, W4, and W5 and were maintained for many weeks. 
Reducing, or negative, levels in W2 indicate that the oxidant may have not been distributed to 
that area of the treatment zone. Additionally, the ORP reached near 400 mV in W3 after oxidant 
application but was depleted rapidly relative to the other wells indicating the accelerated use of 
chemical oxidant free radicals in this region due to reactions with target contaminants or 
competing species. 
 
Figure 2.9 Groundwater impacts after phase two (post-P2) of ISCO in wells W1, W2, W3, W4, 
and W5. (a) Conductivity is shown in mS/cm, (b) oxidative reduction potential (ORP) in mV, (c) 
pH in s.u., and (d) dissolved oxygen concentration in mg/L. 




































































































































































































The pH values taken immediately after P2 in the five wells within the treatment zone 
ranged from 3.0 to 6.5 S.U.. W2, which remained reducing after P2, also had the highest pH. W1 
showed an increase in pH from 3.0 on 12/29/17 to 6.0 by 1/20/18, indicating the ability for 
buffering to mitigate acidification effects caused by the second oxidant application. However, 
long term disturbance was observed in W4 which remained acidic for some time after 
application. Decrease in pH from persulfate treatment has been observed in previous studies due 
to the oxidation of reduced minerals (Sutton et al., 2014). Reduced minerals, e.g. pyrite, can not 
only consume oxidant and compete with target crude oil compounds but their oxidation may 
cause alterations to pH. The results demonstrate that the ISCO process may cause a decrease in 
pH most likely due to the production of sulfate and sulfuric acid. The climb back to pre-
oxidation values in the W1 post-P2 in January may be attributed to the decreased production of 
sulfuric acid and buffering processes in the latter operational period (Liang et al., 2011). 
 After P2, which involved the first addition of ORC application, the DO concentrations 
increased above their background values. Increased concentrations in the monitoring wells were 
either maintained during the monitoring interval or continued to rise with time, indicating the 
efficacy of coupling chemical pre-oxidation with enhanced aerobic bioremediation technology in 
environments similar to Breach One. W1 reached a DO level of 0.41 mg/L by 1/20/18, 
approximately 2 months after P2. Other wells within the treatment zone demonstrated even 
higher levels of DO on the same date with values of 1.35 and 1.33 mg/L for wells W4 and W5, 
respectively. W5 had relatively high concentrations during the entire monitoring interval and 
also had the highest ORP values but W2 concentrations were greater than 3 mg/L by 05/2018. 
Without adequate levels of oxygen, contaminant degradation after chemical pre-oxidation will 
either cease or proceed by more inefficient anaerobic microbial processes (Rowland et al., 2000). 
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In the presence of DO from the ORC addition during P2, aerobic microbes capable of degrading 
crude oil may flourish and accelerate their natural attenuation rates. 
2.3.3. In situ oxidative degradation of petroleum hydrocarbons  
 
 Sediment test pit samples from Breach One after the first phase of persulfate application 
(P1) were analyzed for total alkylated PAHs, total n-alkanes, and TPH to assess the 
concentrations of crude oil compounds that remained at approximately 1.5-meter depth. Table 
2.3 shows the average and range for total alkylated PAHs, alkanes and TPH of test pits A, B, and 
C. Concentrations were relatively low in pits A and B. Test pit C, located above the buried sand 
sack area, had a range of 10.6-138 mg/kg for PAHs. Taking all pits into account, the average 
PAH and alkane concentrations at this depth within the treatment area after P1 were 
approximately 14.2±5.51 mg/kg and 5.79±1.03 mg/kg, respectively which were significantly 
lower than the averages detected at lower depths within the profile.  
 





Alkylated PAHs (mg/kg) Alkanes (mg/kg)  TPH (g/kg) 
Range Mean ± s.e. Range Mean ± s.e. Range Mean ± s.e. 
A 0.3-6.5 1.5 ± 0.7 0.6-6.7 3.4 ± 0.8 0.1-4.1 0.8 ± 0.4 
B 0.3-8.3 2.7 ± 0.9 0.1-5.7 2.6 ± 0.7 0.2-1.3 0.7 ± 0.1 
C 11-138 43 ± 15 1.3-25 11 ± 2.6 1.6-12 5.4 ± 1.1 
All Pits 0.3-138 14 ± 5.5 0.6-25 5.8 ± 1.0 0.1-12 2.2 ± 12 
 
 
Auger-extracted (approximately 2.4 m depth) pre-P1 samples (N=19) and post-P1 
samples (N=46) were also analyzed for crude oil components to determine the impact that P1 
chemical oxidation had on residual oil across the entire treatment depth profile. Pre-P1 auger 
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samples were extracted on 02/24/2017 immediately before oxidant application and post-P1 auger 
samples were extracted on 11/11/2017, immediately before P2 application. Table 2.4 shows the 
average and range for total PAHs, alkanes, and TPH of auger samples. Total alkylated PAHs 
ranged from 3.00 to 1714 mg/kg pre-P1 and from 0.65 to 1045 mg/kg post-P1. Total alkanes 
ranged from 235 to 27,922 mg/kg pre-P1 and from 2.11 to 3393 mg/kg post-P1. The average 
values of total alkylated PAHs and alkanes decreased by approximately 74% and 88%, 
respectively, after P1. To determine the significance of degradation after P1, a two-tail t-test and 
the Mann Whitney Rank Sum test were employed between P1 and P2 auger samples (Table 2.5). 
Significant decreases were observed after P1 in average total alkane and TPH concentrations 
with degradation rate constants of 0.022 day-1 and 0.682 day-1, respectively.  
 
Table 2.4 Average and range for total alkylated PAHs, alkanes, and TPH of subsurface auger 




alkylated PAHs (mg/kg) ALK (mg/kg) TPH (g/kg) 
Range Mean ± s.e. Range Mean ± s.e. Range Mean ± s.e. 
Pre-P1 3.0-1,714 256 ± 126 235-27,922 3,064 ± 1,668 0.5-264 42 ± 19 
Post-P1 0.7-1,045 66 ± 24.2 2.1-3,393 357 ± 110 0.04-96.2 7.0 ± 2.1 
 
 
Table 2.5 Statistical and linear regression analyses of oil degradation of pre-P1 auger samples 
with post-P1 auger samples.  
 
  Pre-P1 vs Post-P1 
 p (rank sum) Degradation Rate Constant (day-1) R2 
Total alkylated PAHs 0.54 --- --- 
Total ALK <0.001 0.022 0.025 




In order to assess how persulfate addition impacted individual alkylated PAH 
compounds, average concentrations of alkylated naphthalenes, phenanthrenes, 
dibenzothiophenes, and chrysenes from pre- and post-P1 auger samples were quantified (Figure 
2.10). Highest initial concentrations were associated with alkylated phenanthrenes, with some 
individual pre-P1 samples reaching concentrations as high as 460 mg/kg for C2-phenanthrenes 
from those extracted near the buried sand sack area. A general trend of decreasing average 
concentrations of PAHs concentration were seen over time after P1, yet the differences were not 
statistically significant for all compounds, likely due to the high variability of the crude oil 
concentrations in the treatment area. Of the alkylated phenanthrenes, C4-phenanthrenes 
experienced statistically significant removal after P1 (p=0.016). Significant removal was also 
observed after P1 oxidation in C1- and C2- chrysenes (p=0.047, 0.026), C3-dibenzothiophenes 
(p=0.012) and C3- fluorenes (p= 0.031).  
 
 
Figure 2.10 Average concentrations (mg/kg) of selected alkylated PAHs (left axis) and total 
alkylated PAHs (right axis) from pre-P1 and post-P1 subsurface auger samples determined by GC-















































































































 Figure 2.11 summarizes the average concentrations of individual n-alkane compounds 
from pre- and post-P1 auger samples in order to assess the impact that P1 chemical oxidation had 
aliphatic compounds. Highest pre-P1 concentrations were observed in octadecane (C18) 
compounds. A similar ISCO response was observed for alkane compounds but more substantial 
removal was accomplished with individual alkane compounds than with PAHs. Significant 
removal was observed after P1 (p<0.05) in the following individual n-alkane compounds: decane 
(C10), dodecane (C12), tridecane (C13), pentadecane (C15), octadecane (C18), and n-





Figure 2.11 Average concentrations (mg/kg) of selected alkane compounds (ALK) (left axis) and 
total ALKs (right axis) from pre-P1 and post-P1 subsurface auger samples determined by GC-MS 
analysis.  
 
To further highlight the heterogeneous spatial distribution of residual oil found in 

































































































































































































































oxidant application point auger samples were developed as contour maps within Surfer Software. 
The contour maps allow for the visualization of the physical distribution of residual crude oil at 
Breach One. The grid report, fitted parameter data, and ANOVA results from the planar 
regression method used to develop the contour plot are presented in Appendix C. Figure 2.12 
displays a contour map of subsurface concentrations of alkylated PAHs and alkanes before P1, 
prior to oxidative treatment, and Figure 2.13 contains the modelled subsurface distribution for 
post-P1 samples.  
A heterogeneous distribution of residual concentrations was observed in both profiles 
analyzed pre- and post-P1 oxidative treatment, displaying the ranges and variability of 
concentrations. Post-P1 contour maps have a higher spatial resolution than pre-P1 maps because 
of a higher sample size. As can be seen in both sets of figures, there exists a region of heavy 
contamination present in the subsurface that correlates with the location of the buried sand sacks. 
This region is denoted as the ‘hotspot’ area. Note the higher ranges of concentrations seen in pre-
P1 distribution compared to post-P1.  
 
 
Figure 2.12 Subsurface distribution of alkylated PAHs (A) and n-alkanes (B) within the target area 
at Breach One before the first phase of oxidative treatment (pre-P1), displayed as contour map, 
 36 





Figure 2.13 Subsurface distribution of alkylated PAHs (A) and n-alkanes (B) within the target area 
at Breach One after the first phase of oxidative treatment (post-P1), displayed as contour map, 
modelled from concentrations extracted from auger samples taken at application points pre-P2 on 
11/11/2017. 
 
Post-P2 samples (approximately 2.4 m depth) were extracted on 01/19/18 from various 
points within the treatment area that showed indication of contamination after P2. For more 
detailed statistical analysis, pre-P1 (N=19), post-P1 (N=46) and post-P2 (N=10) samples were 
classified according to the following criteria based off of their total PAH concentrations before 
comparison:  
(I) Those with concentrations greater than 100 mg/kg were denoted as highly 
contaminated or ‘HC’, 
(II) Those with concentrations below 100 mg/kg but greater than or equal to 15 mg/kg 
were denoted as moderately contaminated or ‘MC’, and  
(III) Those with concentrations less than 15 mg/kg were denoted as lightly 
contaminated or ‘LC’. 
The HC, MC, and LC criteria classification correlate with the colors in the distribution 
contour maps. HC samples were from locations of orange-red-green hues inside the hotspot area 
depicted in the contour plots. MC samples represent those in the moderately contaminated areas, 
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depicted by dark blue-violet hues and LC samples are purple hues. Comparing criteria based pre-
P1 and post-P1 auger samples showed significant decreases in total alkylated PAHs, alkanes, and 
TPH concentrations for LC samples with p-values of 0.03, 0.027, and 0.004 respectively after P1 
of oxidative treatment. For HC classification, there were significant decreases for alkylated 
PAHs and alkane concentrations (p value=0.00827, 0.048). Although substantial decreases were 
seen for alkanes, no significant degradation was observed for alkylated PAHs under MC 
classification. Comparing criteria based post-P1 and post-P2 samples showed further significant 
removal of total alkanes under the LC classification (p= 0.003). 
A number of parameters affect the potential for oxidative degradation including oxidant 
nature and dose, pollutant nature and levels, sediment physio-chemical properties, intrinsic 
oxygen demand, and nature of sediment organic and inorganic matter. Natural organic matter has 
been shown to be a competitor for persulfate oxidation reactions, consuming a significant portion 
of the oxidant load (Lemaire et al., 2013). PAH removal rates can decrease with increasing 
organic matter content (Ranc et al., 2016). Additionally, for very high concentrations of TPH, 
treatment with a relatively high concentration of oxidant may be necessary (Wu et al., 2016). In 
many situations involving aged soil remediation, a large PAH removal rate is not directly 
attained with oxidation alone, and post-treatment through enhanced bioremediation is necessary 
to achieve degradation of residual compounds (Lemaire et al., 2013; Medina et al., 2018). 
Bioremediation following chemical pre-oxidation has been shown to produce additional PAH 
degradation along with an increase in the bioavailable fraction of the pollutant (Martínez-Pascual 
et al., 2015).  
Complex heterogeneous systems involving aquifer materials, sediment, and groundwater 
introduce potential treatment inefficiencies due to imperfect reactive conditions. The destruction 
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or depletion of sulfate radicals in the field could be attributed to the presence of excess ferrous 
iron and rapid conversion of ferrous iron to ferric iron, which limits the oxidizing capacity and 
efficiency by quenching sulfate radicals (Liang et al., 2011). Nitrate-, phosphate-, iron- or 
sulphate-bearing minerals are also known to be radical scavengers (Ranc et al., 2016). Low 
removal rates can be indicative that a significant amount of the persulfate oxidant load was 
consumed satisfying the oxygen demand of the sulfide and dissolved species present in the 
groundwater.  
The extent of oxidative degradation of crude oil at Breach One after P1 and P2 can be 
attributed to the increase in ORP caused by the formation of persulfate chemical species. 
Persulfate radical formation is most effective at alkaline conditions. As alkaline activation 
proceeds, base is consumed and acidic conditions can develop within the target treatment zone 
(Wilson, 2013). The pH drop after P2 in some regions of the treatment zone could be a limitation 
on the oxidative degradation efficiency in environments such as this one, since persulfate radical 
formation is known to be more conducive in alkaline conditions depending on the buffering 
capacity of the subsurface (Lemaire et al., 2013; Petri et al., 2011). 
 2.3.2. Microbial community structure and characterization 
Changes in microbial community structure were analyzed for pre- and post- P1 oxidation 
samples. Bacterial characterization was determined by Illumina MiSeq profiles of PCR-
amplified 16S rRNA gene fragments. Pre-P1 auger samples (N=11) from February 2017 were 
(Feb ’17 Pre-P1) and the following post-P1 chemical oxidation samples were analyzed: 4 
samples from March 2017 (Mar ’17 Post-P1), 5 samples from April 2017 (Apr ’17 Post-P1), 5 
samples from early May 2017 (May A ’17 Post-P1), and 7 samples from late May 2017 (May B 
’17 Post-P1). Additionally, 2 pre-P1 February samples that were extracted from the hotspot sand 
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sack area were categorized into a second group denoted as ‘Feb ’17 HC Pre-P1’ because they 
had the highest level of crude oil contamination, with an average total alkylated PAH 
concentration of 1,612 mg/kg and an average total n-alkane level of 33,528 mg/kg. 
Microbial diversity 
For Operational Taxonomic Unit (OTU)-based analysis, OTUs were defined as a cluster 
of reads with 97% similarity (0.03 cutoff level). Sequences were standardized and rarefied by 
randomly selecting a subsample of 10,000 sequences 1,000 times and the following parameters 
were calculated and used to characterize populations: number of total sequences, sample 
coverage, species richness (i.e., the number of observed OTUs), and Inverse Simpson Diversity 
estimate. The individual sample coverages for this analysis were all above 90% with an average 
total sample coverage of 93%.  
The species richness for each sample is summarized in Figure 2.14. It is expected that 
this parameter would be affected by alterations brought on by chemical oxidation (Engel & 
Gupta, 2014). Pre-P1 samples from February 2017 had an average of 988 observed sequences 
and the first post-P1 samples from March 2017 had an average of 926. However, by May 2017 
(May B samples) the average species richness increased by about 54% to 1,520. The difference 
in richness was statistically significant (p<0.05) between May (A and B) when compared to 
February samples, demonstrating that there was a substantial increase in richness by 3 months 




Figure 2.14 Richness (number of observed OTUs) of Breach One subsurface sediments samples 
pre- and post-Phase One (P1). 
 
Species diversity is the number of different species that are represented in a given 
community, taking into account both the species richness and evenness (Medina et al., 2018). 
The Inverse Simpson Index (Figure 2.15) is a quantitative measure of diversity and a larger index 
indicates a higher diversity. As seen from the figure, species diversity generally increased in 
post-P1 samples after chemical oxidation. Inverse Simpson Index was statistically different only 
between May (A and B) and February samples which is consistent with the results from the 
richness analysis. The increase in diversity may indicate both a perturbation of the population 
and a resistance to the first phase of persulfate oxidation, highlighting the ability for regeneration 




Figure 2.15 Inverse Simpson Index of Breach One subsurface sediments samples pre- and post-
Phase One (P1). 
 
Hierarchical OTU-based cluster analysis can be represented as a dendrogram to visually 
depict the similarity of community structure in one sample to another. The proximity of each 
sample in the dendrogram to the next represents how similar their community structures are to 
one another. In order to test whether clustering distances within the dendrogram are statistically 
significant or not, parsimony analysis was completed, determining the pairwise comparisons 
between the different groups of samples. It was determined that clustering is significant only for 
April vs May B and Feb vs May B, demonstrating that the microbial communities observed in 
May B, 3 months after application of persulfate oxidant, may be substantially different. It is 





Figure 2.16 Dendrogram illustrating similarities between microbial communities in Breach One 
subsurface sediments samples pre- and post- Phase One (P1). 
 
 To look even further into the dissimilarities in composition of species changes from one 
community date to the next, non-metric multidimensional scaling (NMDS) was utilized. The 
similarity of membership and structure in samples was calculated by rarefying data to a common 
number of sequences in the form of distance matrices. NMDS ordination solutions of OTUs were 
plotted in 3-dimensions (Figure 2.17). The stress and R2 values can be inspected to describe the 
quality of the ordination. In general, the stress value should be below 0.20. NMDS analysis of 
the Breach One samples concluded stress and R-squared values of 0.13 and 0.89 respectively. It 
is clear from the plot that the early and late samples cluster separately from each other. Samples 
from the same dates tend to cluster together, however some samples from March and April have 
close proximities to those from February. In order to determine if the spatial separation seen 
between the different dates is statistically significant or not, molecular variance analysis was 




Figure 2.17 NMDS analysis of Breach One subsurface samples pre- and post-Phase One (P1). 
 
 AMOVA analysis tests whether the center of the clouds that represent a group are more 
separated than the variation among samples of the same date. AMOVA results indicated that the 
observed separation in the NMDS plot is statistically significant (p<0.05) when comparing 
February pre-P1 datasets with each post-P1 date. This demonstrates that the spatial separation 
was substantial between February and all other sampling dates (Table 2.6) and illustrates that the 
first phase of chemical oxidation did cause significant differences in microbial populations.  
 
Table 2.6 Statistical analysis of NMDS spatial separation between different sampling dates. 
Numbers indicate p-values found from AMOVA analysis. 
 
Comparison p-value 
Feb Pre-P1 vs. Mar Post-P1 0.01 
Feb Pre-P1 vs. Apr Post-P1 0.04 
Feb Pre-P1 vs. May A Post-P1 0.001 




Microbial community composition  
To characterize the microbial community prior to and after the first phase of chemical 
oxidation, relative abundances of microbial classes were quantified in all samples. These values 
were normalized for each sampling date and taxonomic classes containing abundances greater 
than 1% are presented in Figure 2.18 (see Appendix D for taxa with abundances less than 1% 
enlisted in the ‘other’ group). It is apparent that Gammaproteobacteria class is the dominant 
microbial class for each date. Their abundance was highest in February at 69% and decreased to 
about 30% by May. Common inhabitants of high salinity environments within the 
Gammaproteobacteria class have exhibited the potential to degrade a variety of hydrocarbons 
including members of the genera Halomonas, Marinobacter, and Alcanivorax, therefore genera 
from this class tend to be predominant at different stages of oil contamination (Chronopoulou, 
2015; Kostka et al., 2011) (Fathepure, 2014). Additionally, Epsilonproteobacteria is present at 
relatively high abundances for all dates. Members of Epsilonproteobacteria have been shown to 
play significant roles in sulfur and nitrogen cycles within marine environments and have the 
ability to tolerate hydrocarbons in contaminated environments (Paisse, 2008).  
Results indicate the emergence of the Spirochaetes class by March, after P1 oxidation, 
with an abundance that continued to increase with time to about 3.5% in May. Members from the 
Halobacteria class were dominant in May B samples. Some members of this class have also 
been shown to be effective in the degradation of aliphatic and aromatic crude oil hydrocarbons. 
Deltaproteobacteria abundance increased to 15% by May. Anaerobic sulfate-reducing bacteria 
of class Deltaproteobacteria have often been found in marine sediments associated with 




Figure 2.18 Class-level taxonomic composition over time after P1. Relative abundances are 
displayed only for taxa representing more than 1% of the total sample dataset reads and taxa with 
abundances below 1% are collectively labeled as “others”. 
 
To further assess the microbial composition, genus-level characterization was performed 
on all genera present within the Gammaproteobacteria class for each date. The percent relative 
abundance of the most dominant genera within this class are shown in Figure 2.19. Genera 
present in the ‘other’ category represent taxa from this analysis with abundances below 1%. It is 
evident that the first samples taken post-P1 in March were enriched with similar taxa as those 
from pre-P1 samples, indicating the resiliency of the population. The results also illustrate the 
significant increase in diversity by May.  














































Figure 2.19 Genus-level taxonomic composition over time after P1 for those genera present in the 
most dominant microbial class, Gammaproteobacteria. Relative abundances are displayed only for 
taxa representing more than 1% of the total Gammaproteobacteria sample dataset reads and taxa 
with abundances below 1% are collectively labeled as “others”. 
 
Results from a LEfse non-parametric t-test were used to examine differences between all 
genera present in samples and to determine whether differences in communities are observed at 
the different dates. Table 2.7 shows the relative percent abundance of any genera that are 
significantly different between the sample dates. This analysis identifies the taxa that are 
significantly enriched for that sample date based on the normalized relative abundance data. 
Genera within the table that have abundance values listed are present at statistically elevated 
levels in that sample when compared to the other dates. 
 
 












































Table 2.7 Relative abundance of microbial genera at statistically elevated levels for each sample 





Feb HC Feb March April May-A May-B 
Alcanivorax 0.42 1.79 9.48 --- --- --- 
Aliidiomarina 0.67 --- --- --- --- 1.43 
Amphritea --- --- 2.86 --- --- --- 
Desulfobacteraceae --- --- --- --- 4.01 1.15 
Desulfosalsimonas --- --- --- --- 1.38 --- 
Desulfotignum --- --- --- --- --- 1.20 
Geoalkalibacter --- --- --- --- --- 0.42 
Geothermobacter --- --- --- 0.33 --- --- 
Halanaerobium --- --- --- --- 2.24 1.35 
Halomonadaceae 3.75 --- --- --- --- --- 
Halomonas 0.20 --- --- --- --- --- 
Idiomarina 1.75 --- 2.76 --- --- --- 
Marinobacter 40.3 32.5 --- --- --- --- 
Methylohalobius --- --- --- --- 1.98 --- 
Porticoccus 0.19 1.19 --- --- --- --- 
Pseudohongiella 0.46 0.26 0.26 0.37 --- 0.15 
Rhodobacteraceae 2.65 3.36 7.53 4.67 1.52 --- 
Sediminimonas --- --- 1.04 --- --- --- 
Spirochaeta 0.52 0.55 0.87 --- 2.51 2.74 
Sulfurimonas 5.74 3.31 8.49 --- 8.93 8.27 
Sulfurovum --- --- --- --- --- 1.67 
Thiohalophilus --- 1.82 --- --- --- --- 




Post-P1 microbial samples were taken during a period that saw a significant decrease in 
TPH concentrations. Oxygen measurements taken after P1 from the center monitoring well 
indicated that conditions remained anaerobic within the treatment zone and redox conditions 
were oxidizing until late May/early June. The pH in the same well ranged from approximately 
6.2 in April to 6.5 by the end of May. Although pH changes can impair biological function, 
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persulfate chemical oxidation has been successfully coupled with bioremediation (Sutton et al., 
2014). The transient pH impacts may have temporarily reduced microbial activity of some 
sensitive species however bacterial populations readily recolonized the treatment area. The 
optimum pH for microbial growth is dependent on specific microbes and their respiration 
pathways, however aerobic microorganisms often tolerate wider ranges whereas anaerobes 
operate efficiently in narrower ranges (Fathepure, 2014). Additionally, conductivity in 
groundwater measurements indicated that addition of the persulfate oxidant may have enhanced 
hypersaline conditions after oxidation but results demonstrate that this was not a major 
impediment to the recovery of microbial population. 
Although the relative abundance of Marinobacter spp. decreased in samples after P1 by 
May, Marinobacter was a predominate genera for all sampling dates. The relative abundance of 
these organisms decreased in samples from about 33% pre-P1 to 5% in May B samples. A 
number of species and strains of Marinobacter are known halophilic, hydrocarbon oil degraders 
(Fathepure, 2014). Marinobacter are metabolically diverse and can switch from an aerobic to 
anaerobic metabolism using nitrate as terminal electron acceptors in the absence of oxygen 
(Duran, 2010). The pre-P1 February HC samples had the highest relative abundance of this 
genus. These heavily oiled samples also had the highest presence of Thermovirga spp. Vigneron 
et al. (2017) suggested that Thermovirga potentially have a role in aromatic hydrocarbon 
degradation (Vigneron et al., 2017). The full genome of Thermovirga lienii, isolated from a 
crude oil well, is available (Goker et al., 2012) and shows that 3 copies of the 15S rRNA gene 
are present in this species. Differences in gene copies between OTUs is a limitation of the 
frequency analysis of the microbial population.  
 49 
Halomonas spp. was present at highest levels in both sets of February pre-P1 samples but 
had a greater abundance in the HC samples. These halotolerant organisms grow in the presence 
of oxygen, although some have been shown to grow in anaerobic conditions, and can degrade 
aromatic and aliphatic hydrocarbons in marine and hypersaline environments (Chronopoulou, 
2015). However, members of the genus Alcanivorax, a known aerobic and halophlic oil-
hydrocarbon degrader in marine environments (McGenity et al., 2012), were present at 
statistically higher levels in the post-P1 March samples when compared to the pre-P1 samples.  
The population rebound after chemical oxidation was enriched with the following genera 
by May 2017, 3 months after P1: Sulfurimonas, Marinobacter, Thiomicrospira, Halanaerobium, 
Sulfurovum, Desulfotignum, and others. Sulfurimonas was present at elevated levels for all 
sample dates and its relative abundance increased significantly by May. Some species of 
Thiomicrospira have been involved in the metabolism of naphthalene and alkane compounds. 
Sulfurovorum are members of the previously mentioned class Epsilonproteobacteria. 
Desulfotignum spp. are sulfate reducing bacteria that are strictly anaerobic. Aliidiomarina was 
predominate only in May B samples, is an aerobic, halophlic heterotrophic bacterium (Paisse, 
2008). Halanaerobium spp. contributes to acid and sulfide production and may influence pH 
values (Lipus, 2017). This genus was predominate in May A samples with a relative abundance 
of 1.29%.  
Kostka et al. (2011) presented indications that members of the family Rhodobacteraceae 
are typically predominate during late states of oil degradation when recalcitrant compounds like 
PAHs are present, and in heavily oiled areas. This family of microbes was predominate in 
February samples and had the highest relative abundance in the April samples 2 months after P1 
application. Organisms belonging to the genus Idiomarina are heterotrophic aerobes that have 
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also been associated with oil rich sediments in previous studies (Pearson, 2008). This genera was 
predominate in February HC, March and April samples. Interestingly, Desulfosalsimonas spp. 
were present at all dates, but were at statistically elevated levels in the May A samples. This 
genus contains obligatory anaerobic dissimilatory ferric iron reducers, indicating the presence of 
oxidized ferric iron after chemical oxidation.  Species from Methylohalobius genus were 
predominate in May A samples only as well. In contrast, this genus are aerobic halophiles that 
are known to oxidize bonds in alkanes (Chronopoulou, 2015).  
Column studies investigating persulfate treatment of PAH-contaminated soil also showed 
significant impact on microbial abundance. Full regeneration of abundance and degradation 
capacity occurred after 100-500 days in these studies, indicating the feasibility of coupling ISCO 
and biodegradation treatments (Sutton et al., 2014). Microbial communities with different 
compositions have the ability to perform the same or similar functions as their original 
population, meaning if microbial regeneration and a functional gene presence are observed, the 
same process can be accomplished even though the specific microbes and their concentrations 
may have been altered (Martínez-Pascual et al., 2015). However, solubilized compounds upon 
partial oxidation of the crude oil can be assimilated by the resistant and/or conditioned microbial 
communities during the following bioremediation stage, enabling the recovery of that key biota 
(Medina et al., 2018).  
Numerous studies suggest that chemical oxidation of sediment increases the elimination 
efficiency of aliphatic hydrocarbons and PAHs at the expense of mobilizing nutrients from 
organic matter, developing a new environment for the surviving microbial community (Martínez-
Pascual et al., 2015). The results evidenced the resistance and resilience of the microbial 
community members. The changes in diversity and composition after the first phase of chemical 
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treatment denoted a shift within the microbial community, with that process becoming more 
diverse towards the end of the treatment. Oxygen biostimulation with ORC is expected to ease 
the environmental pressures associated with chemical pre-oxidation, and may further enhance the 
regeneration of microbial communities (Sutton et al., 2014). The increasing DO levels seen in 
the groundwater data may enhance the presence of aerobic microorganisms capable of degrading 
residual oil hydrocarbons. 
2.4. Conclusions 
Results from measurements taken during the coupled ISCO process provide insight into 
the impact of persulfate oxidation on geochemical and microbiological parameters during the 
field-scale remediation of buried crude oil in a hypersaline, anaerobic beach environment. 
Following each oxidant application phase, alterations in groundwater parameters confirmed the 
effective delivery and distribution of oxidant and persulfate reaction within the subsurface by 
auger point application. Temporary perturbation of groundwater characteristics and disruption of 
the microbial community were observed after the first application of chemical oxidant, yet the 
feasibility of coupling in situ chemical and biological treatments was indicated by the buffering 
capacity of the aquifer. However, more dramatic and prolonged alterations in groundwater pH 
and ORP were observed in some wells after P2 application, indicating a marginally dynamic 
system perhaps due to an acid generating reactions or a slow buffering response relative to the 
initial pH condition because of the second dosing. This is likely due to the presence of pyrite in 
the system. 
Signs of oxidative degradation of PAHs were displayed after P1, however portions of 
recalcitrant compounds remained in deeper areas near the buried sand bags. Significant removal 
of both total PAHs and total n-alkanes for those samples classified as high contamination (>100 
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mg/kg) and low contamination (<15 mg/kg) were observed after P1, although only substantial 
alkane removal was seen in moderately contaminated samples (concentrations between 15 and 
100 mg/kg). Statistical analysis of microbial population showed significant differences in 
community structure post chemical oxidation, however samples taken 1-month post-P1 were 
enriched with similar genera as those from pre-P1 samples, indicating the resiliency of the 
population. Substantial increase in microbial diversity 3 months after the first phase of persulfate 
oxidation may indicate both a perturbation of the population and a resistance to impacts of 
oxidation, highlighting the ability for regeneration of normal microbial function.  
Results in the field after P2 demonstrate that persulfate oxidation satisfied a portion of the 
intrinsic oxygen demand, preparing the subsurface environment to efficiently sustain the addition 
of ORC, indicated by the observed increase in DO concentrations at relatively low depths. ORC 
addition during P2 caused increasing levels of DO in multiple groundwater wells within the 
treatment zone. It is expected from the indications of resilience exhibited by microbial 
communities at Breach One post-P1 and the induced aerobic conditions after P2, that subsequent 
bioremediation treatment will enable the microbial population to further recover, causing an 




3. OPTIMIZATION OF OXIDATION OF MC252 CRUDE OIL 
 
3.1. Introduction 
Mississippi Canyon Block 252 (MC252) crude oil was transported towards the shoreline 
of Fourchon Beach, Louisiana in May 2010 following the Deepwater Horizon oil spill (OSAT-2, 
2011). Oil reaching shorelines was depleted of lower molecular weight compounds caused by 
weathering through dissolution, evaporation, photo-oxidation, and emulsification mechanisms 
during transportation from the wellhead to the location west of the birdfoot delta. These 
processes left behind a weathered oil enriched in composition of alkylated 3- and 4-ring 
compounds with lower susceptibility to further physical and biological degradation processes 
(Atlas & Hazen, 2011; Marilany Urbano et al., 2013). To minimize transport into adjacent marsh 
ecosystems, hard structures were placed across five shoreline breach locations on Fourchon 
Beach immediately following the spill, causing the subsequent accumulation and burial of 
petroleum-based hydrocarbon compounds. At the largest breach, Breach One, a crude oil deposit 
was left buried beneath the groundwater table after clean-up response efforts due to ongoing 
morphological beach processes and the inefficiency of mechanical removal techniques near the 
water table (OSAT-2, 2011).  
When crude oil is protected from shoreline weathering processes or in areas with oxygen 
limitations, such as when deeply buried or in immobile sediment, natural biodegradation is 
considerably reduced (Short et al., 2007; Taylor & Reimer, 2008). However, enhanced aerobic 
bioremediation of buried crude oil has been investigated in beach environments and results were 
indicative that facilitating a supply of oxygen can improve the biodegradation of PAH-based 
hydrocarbons (Bernabeu et al., 2010). Aquifer sediments in intrinsically anaerobic or anoxic 
subsurface beach environments, like Breach One, contain reduced inorganic chemical species 
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that can compete with bacterial populations for any applied oxygen (Landmeyer & Bradley, 
2003). Because these abiotic reactions can proceed more rapidly than biologically-meditated 
oxygen consumption, these species would place a significant demand on the oxygen injected 
(Lemaire et al., 2013).  
Any enhanced biological treatment of petroleum-based hydrocarbons in environments 
such as these needs to initially address the background oxygen demand to improve efficiency. 
The demand for oxygen at Breach One is caused by both the presence of crude oil hydrocarbons 
and the reduced constituents commonly present in anoxic or anaerobic aquifer systems that 
predominately contribute to the consumption of applied oxidants. These include organic matter, 
Fe(II)-contained minerals and S(-I,-II)-contained minerals (e.g. pyrite) (Thomson, 2009). The 
remedial strategy at Breach One is based on removing this oxygen limitation on efficient in situ 
biodegradation through the coupled process of chemical oxidation and oxygen delivery using 
proprietary formulations of activated sodium persulfate (hereafter referred to as persulfate) and a 
solid peroxide oxygen-release compound (hereafter referred to as ORC)  (Landmeyer & Bradley, 
2003).  
Persulfate anions (S2O8
2-) have a high redox potential of 2.10 volts and can be activated 
by various initiators to form even more reactive sulfate and hydroxyl free radicals (SO4˙, OH˙) 
that have even higher redox potentials (Yen et al., 2011). The commercially available soluble 
persulfate compound incorporates a dual activation process equipped with initial alkaline 
activation and a heterogeneous catalyst technology that deploys once the alkaline activation 
becomes limited (Wilson et al., 2013). Persulfate radical species rapidly interact with other 
compounds through a variety of reaction mechanisms including direct electron transfer, addition 
to double bonds, and removal of hydrogen atoms (Wilson et al., 2013). After chemical pre-
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oxidation, biodegradation will be amplified through the addition of ORC which can allow 
aerobic microbes capable of degrading crude oil to flourish and accelerate their natural 
attenuation rates through controlled oxygen release (Regenesis, 2017).  
The objective of this study is to determine the factors controlling the extent of direct 
persulfate oxidation of buried MC252 oil in beach sands. Bench-scale experiments were 
performed to better understand the interactions of persulfate within the subsurface and to 
determine its impact on the intrinsic oxygen demand and concentrations of two classes of crude-
oil compounds: polycyclic aromatic hydrocarbons (PAHs) and n-alkanes. It is expected that 
persulfate and associated free radicals will partially treat high levels of crude oil contamination 
while simultaneously lowering the oxygen demand present within the subsurface prior to the 
addition of oxygen for enhanced aerobic bioremediation treatment.  
 Batch experiments were conducted under laboratory conditions to evaluate the feasibility 
of chemical oxidation on long-term petroleum hydrocarbon contamination in Breach One sands. 
The objectives were to (1) assess the potential of oxidative degradation of PAH and alkane 
removal, (2) compare the efficiencies of removal using different doses of persulfate oxidant, and 
(3) evaluate the importance of oxygen demand on potential treatment strategies. The laboratory 
studies were conducted using sediment and groundwater extracted from Breach One in order to 
determine the extent of direct degradation from chemical oxidation and the oxygen demand 
exerted by buried crude oil and reduced chemical species. Results from these studies can help 
lead to an improved understanding of the restraints associated with applying aerobic 
bioremediation to petroleum contaminated sediments in oxygen-limited environments. 
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3.2. Materials and Methods 
 
3.2.1. Study site 
 
 Breach One is located on Fourchon Beach in Lafourche Parish south of New Orleans, 
Louisiana. Fourchon Beach is part of the larger Caminada Headlands beach system and factors 
affecting crude oil recovery has been investigated (Curtis et al., 2018; Elango et al., 2014; 
Lemelle et al., 2014; Pardue et al., 2014; Urbano et al, 2013). As an immediate response to the 
DWH event, the National Guard constructed a 120-meter-long rock dam on a base of large sand 
bags, termed “Super Sacks”, across the channel at Breach One. The hard structure created 
conditions for oil and sand accumulation along the beach profile as the breach channel filled. 
Mechanical excavation was highly insufficient in removing all oil residues, especially those 
buried at or beneath the water table. Active response ended at the site in 2014 leaving behind a 
heterogonous distribution of residual buried oil across an 8-10 foot (2.4-3.0 m) deep beach 
profile. Average concentrations of total PAHs and n-alkanes within the roughly 100 m2 area of 
buried heterogeneous oil deposits ranged from 3-1,714 mg/kg and 235-27,922 mg/kg, 
respectively, before addition of oxidative treatment. 
3.2.2. Sampling events 
 
Oiled subsurface sediment and groundwater were extracted from the Breach One field 
site for utilization in controlled laboratory experiments described in this chapter. Oiled sand was 
homogenized and extracted from three different points within the area of buried oil deposits with 
a 3-foot (0.9 m) solid stem auger before oxidative treatment. The first extraction point was 
located in an area known to have a lower degree of oiling and was denoted as ‘Sand One’ (S1). 
The second extraction point was taken in an area known to have the highest degree of oiling and 
was denoted as ‘Sand Two’ (S2). A third composite sample was taken and denoted as ‘Sand 
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Three’ (S3). Groundwater was extracted from a reference monitoring well located roughly 15 
meters from the center treatment monitoring well at Breach One. The well was equipped with a 
2-inch (5.1 cm) piezometer and samples were extracted by inserting ¼-inch (0.6 cm) low density 
polyethylene tubing through the depth of the well and pumped with a battery powered Geopump 
Easyload II High Performance peristaltic pump. The well was purged by removing 
approximately 2-3 well volumes before sample extraction to ensure representativeness of the 
groundwater in the subsurface formation.  
 3.2.3. Oxidative degradation laboratory study 
A laboratory study was conducted to analyze the potential for oxidative degradation of 
residual MC252 crude oil after addition of persulfate on two types of sand from Breach One: S1 
and S2. S1 sands had relatively low levels of contamination (5.492.57 mg of total alkylated 
PAHs per kg sediment on average) while S2 samples had higher levels of petroleum-based 
hydrocarbons (1,075146 mg alkylated PAHs per kg sediment). Wide-mouth tall-form clear 
glass VOC septa jars (100 mL, Thermo Scientific I-Chem) were used as reactors and prepared 
for both S1 and S2 experiments with a 4:1 liquid to solid ratio, consisting of 80 mL of 
groundwater from Breach One and 20 grams of the respective sand. Four treatments were 
selected and monitored over the course of eight days: a control group without oxidant treatment 
and three different doses of persulfate chemical oxidant (Table 3.1). The first dose (D1) of 
oxidant was equivalent to the application rate used in the field (see Chapter 2), dose two (D2) 





Table 3.1 Dosage rates used in the oxidative degradation study.  
 






Septa jars were prepared in triplicate for each treatment and time step. Three sets of 
bottles were created for each treatment that were designated for zero, two, and eight day 
extraction points. Total TPH, alkylated PAHs, and n-alkanes were monitored over time at each 
extraction point and initial analyses of these compounds were generated from day zero samples. 
A number of water quality parameters were determined at each extraction point for groundwater 
analyses: temperature, pH, conductivity, oxidation reduction potential (ORP) and total dissolved 
solids (TDS). Groundwater parameters within treatment jars were evaluated and recorded during 
each sediment extraction event on day zero (before oxidant treatment), day two, and day eight. A 
calibrated Myron L Company Ultrameter II 6PFCE was used to measure the water parameters. 
All sand samples were analyzed for PAHs and n-alkanes on day zero, two and ten of the 
laboratory study. Samples were solvent-extracted and quantified by gas chromatography as per 
the methods described in Section 2.2.4.  
 3.2.4. Background oxygen demand experiments 
A laboratory reactor study was conducted in order to determine the dissolved oxygen 
(DO) demand in Breach One sand:water slurries and in groundwater alone. The groundwater 
oxygen demand was quantified for persulfate-treated and untreated groundwater extracted from 
Breach One. BOD bottles (300 mL) with magnetic stir bars were filled with diluted groundwater 
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and prepared in triplicate with a control (no groundwater, only synthetic seawater). Bottles were 
aerated with a Pulsar 4 aquarium pump and airstone until DO concentrations reached above 6 
mg/L and then were immediately capped. Measurements for sulfate, sulfide, ferrous iron, and 
total iron were taken on all samples after filtration using a HACH DR 2800 Spectrophotometer. 
Lower detection limits were 0.28 mg/L for ferrous iron, 0.06 mg/L for total iron and 0.02 mg/L 
for sulfate and sulfide. A HACH LBOD dissolved oxygen probe was used to take DO 
measurements at different temporal increments. Salinity correction adjustments were made to 
account for an average salinity of 40 ppt in the samples. The field dosage of persulfate was 
applied to treated groundwater triplicates for four days before the experiment began. The 
experiment was terminated once the DO reached less than 2 mg/L in treated and untreated bottles 
and concentrations were plotted with respect to time.  
The specific oxygen uptake rate (SOUR) was also measured in persulfate-treated and 
untreated sand slurries made using S3 sand and synthetic seawater. This measure is the oxygen 
consumption rate normalized to the mass of solids present (US EPA, 2001). Measurements were 
taken in triplicate on 45 and 65 gram S3 samples. The average total alkylated PAHs and alkane 
concentrations of oiled S3 sand before treatment was 5.21.5 and 49530 mg/kg, respectively. 
Samples were placed in 300 mL BOD bottles with a magnetic stir bar, filled with aerated 
seawater, and capped immediately. DO measurements were taken in increments until 
concentrations reached below 2 mg/L. The SOUR was calculated as the slope of the oxygen 
demand regression line divided by the amount of sample (mg O2/g sample-hr).  
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3.3. Results and Discussion 
 3.3.1. Oxidative degradation of petroleum hydrocarbons 
Conductivity, ORP, and pH were monitored in reactors for both S1 (Figure 3.1) and S2 
(Figure 3.2) oxidative degradation experiments. ORP and pH values had similar trends in S1 and 
S2 experiments. All reactors in both studies had reducing ORP values (<-200mV) on day zero 
before persulfate treatment was added and control reactors maintained reducing redox conditions 
throughout the entirety of experimentation. ORP was measured 2 days after persulfate addition 
and had increased to positive, oxidizing values in treated reactors with a strong correlation to the 
dosage. Largest impacts on conductivity were observed in D3 S2 reactors while smallest impacts 
were seen in D1 S1 reactors.  
 
Figure 3.1 Impacts on the conductivity (mS) (a), oxidative reduction potential (mV) (b), and pH 
(S.U.) (c) of groundwater over time from oxidant reactor studies using S1 sand. Results are shown 
for the control, dose one (D1), dose two (D2), and dose three (D3) treatments. 













































































































































Figure 3.2 Impacts on the conductivity (mS) (a), oxidative reduction potential (mV) (b), and pH 
(S.U.) (c) of groundwater over time from oxidant reactor studies using S2 sand. Results are shown 
for the control, dose one (D1), dose two (D2), and dose three (D3).  
 
In addition to groundwater measurements, concentrations of alkylated PAHs and n-
alkanes were used as reference compounds to compare effectiveness of oxidative degradation. 
The initial (day zero) concentrations of alkylated PAHs and n-alkanes for S1 and S2 are 
summarized in Table 3.2 and Table 3.3 respectively. Note that in S1 experiments, the following 
PAH and alkane compounds were below mass-detection limits (<0.025 ng/uL) before 
implementation of the study: C3/C4-napthalenes, C1/C2-dibenzothiophenes, C4-phenanthrenes, 
decane, pentadecane, heptadecane, n-dotricontane, n-hexatriacontane, and n-tricontane. Highest 
initial concentrations of PAHs in S1 and S2 sands were associated with alkylated phenanthrenes 
while lowest levels were associated with alkylated napthalenes. Highest initial concentrations of 

















































































































































alkanes in S1 sands were observed with tetradecane and octadecane compounds and elevated 
levels of octadecane, heptadecane, n-eicosane, and n-octacosane, compounds were associated 
with S2 sand. 
 





C1-N 0.07 1.0 
C2-N 0.05 4.8 
C3-N N.D. 15 
C4-N N.D. 16 
C1-P 0.16 143 
C2-P 2.2 279 
C3-P 1.5 231 
C4-P N.D. 13 
C1-D N.D. 11 
C2-D N.D. 90 
C3-D 0.23 53 
C1-C 0.37 40 
C2-C 0.25 33 
C3-C 0.11 14 
Σ alkylated PAHs 5.5 1074 
 
Note: N.D.= non-detected 
 
 





decane N.D. 1115 
undecane 2.2 3.0 
dodecane 14 5.4 
tridecane 4.9 12 
tetradecane 62 109 
pentadecane N.D. 469 
hexadecane 36 1325 
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heptadecane N.D. 2612 
octadecane 55 8196 
n-eicosane 15 2850 
docosane 1.8 95 
n-tetracosane 7.3 2097 
n-hexacosane 0.74 141 
n-octacosane 5.5 2857 
n-tricontane N.D. 115 
n-dotricontane N.D. 840 
n-hexatriacontane N.D. 955 
Σ ALK 205 23843 
 
   Note: N.D.= non-detected 
 
 
The impact of persulfate oxidation on alkylated PAH concentrations and the effect of 
persulfate dosage in S1 and S2 sand after 8 days of treatment was monitored (Table 3.4). 
Removal efficiencies for alkylated PAHs from the S1 experiment are summarized in Figure 3.3. 
To account for any mass loss encountered within control groups containing no oxidant during the 
experiment, hydrocarbon data were normalized over the respective concentrations of controls to 
obtain removal efficiencies. For S1 sand, highest removal efficiencies were observed for 
alkylated phenanthrenes. In comparing the different dosages, D1 had the most efficient removal 
of alkylated PAHs, although D3 obtained significant removal of alkylated napthalenes and 
phenanthrenes. Concentrations of total alkylated PAHs showed significant removal after 2 days 










Table 3.4 Impact of persulfate oxidation on alkylated PAHs in S1 and S2 experiments after 8 days 





Control D1 D2 D3 Control D1 D2 D3 
C1-N 0.06 N.D. N.D.* N.D.* 0.66 0.58* 0.46* 0.51* 
C2-N 0.07 N.D. N.D. N.D.* 4.0 3.8 3.3** 3.6* 
C3-N N.D. N.D. N.D. N.D. 11 9.6 8.4* 9.2* 
C4-N N.D. N.D. N.D. N.D. 10 4.8* 3.9* 4.5** 
C1-P 0.09 N.D.* N.D.* N.D.* 127 126 114 122 
C2-P 1.7 0.89* 1.1 1.2* 238 232 212 220** 
C3-P 0.88 0.27** 0.39 0.32* 168 126** 125** 130* 
C4-P N.D. N.D. N.D. N.D. 10 8.6 10 7.8** 
C1-D N.D. N.D. N.D. N.D. 11 9.8 9.8 9.7 
C2-D N.D. N.D. N.D. N.D. 78 67 48** 53** 
C3-D 0.09 0.08** 0.08 0.07 40 39* 38 40 
C1-C 0.20 0.10* 0.17 0.12** 35 34 32 34 
C2-C 0.11 0.07* 0.08 0.08 28 24 19** 23** 
C3-C 0.04 N.D.* N.D. N.D. 9.2 6.8* 8.1** 8.7* 
Σ alkylated 
PAHs 
3.6 1.7* 2.1 2.02* 851 765 689** 725* 
*= statistically significant removal observed after 2 days, **= statistically significant removal observed 




Figure 3.3 Percent removal of selected alkylated PAHs and total alkylated PAH concentration in 
sand one (S1) sand after 8 days of oxidant treatment for dose one (D1), dose two (D2), and dose 
three (D3) during reactor studies with standard error bars.. 
 
In general, higher removal rates for alkylated PAHs were measured in S1 sands (Figure 
3.4), indicating that removal via persulfate oxidation is more substantial with lower 
concentrations of PAHs, although statistically relevant removal of alkylated PAH compounds 
was also observed in S2 sand and similar removal rates were obtained for C4-napthalenes and 
C4-phenanthrenes. D2 had the highest removal efficiencies over all in S2 experiments, but D3 








































































timeframe. Substantial removal with a higher dosage in the S2 experiment may be due to the 
higher concentrations of emulsified oil compounds. 
 
Figure 3.4 Percent removal of selected alkylated PAHs and total alkylated PAH concentration in 
sand one (S2) sand after 8 days of oxidant treatment for dose one (D1), dose two (D2), and dose 
three (D3) during reactor studies with standard error bars.. 
 
The impact of persulfate oxidation on n-alkane compounds and the effect of persulfate 
dosage in S1 and S2 sand after 8 days of treatment was also monitored (Table 3.5). Removal 
rates for n-alkanes were higher on average than those for PAHs for both S1 (Figure 3.5) and S2 
experiments (Figure 3.6). In general, larger percent removals were obtained with the smaller 
chain alkane compounds. For both S1 and S2 sands, D3 had the most number of individual 
alkane compounds substantially removed, including highest removal rates for the majority of the 






















































































S1and S2 sand for a number of alkane compounds.  
 
Table 3.5 Impact of persulfate oxidation on n-alkane compounds in S1 and S2 experiments after 8 





Control D1 D2 D3 Control D1 D2 D3 
decane N.D. N.D. N.D. N.D. 1,142 1,062 1,075 1,025 
undecane 1.5 0.56** 0.02** 0.7** 2.2 0.43** 0.05* 0.05* 
dodecane 16 10** 4.2** 6.4 2.1 0.90** 0.06** 0.08** 
tridecane 3.1 0.84* N.D.* 0.38* 11 9.0** 9.0** 9.4** 
tetradecane 62 38* 27** 23* 105 92 93* 92** 
pentadecane N.D. N.D. N.D. N.D. 493 353 383 384 
hexadecane 38 25* 22* 14* 1,342 1,094 1,079** 987* 
heptadecane N.D. N.D. N.D. N.D. 2,631 2,223 2,252** 2,173* 
octadecane 53 42* 42* 28** 7,842 6,719** 6,757 6,732* 
n-eicosane 14 13 10 11 2,722 2,402 2,385* 2,315* 
docosane 1.8 1.2 1.2 0.86* 54 37 29** 37* 
n-tetracosane 7.2 6.9 5.1* 5.2* 2,244 1,946 1,867 1,826* 
n-hexacosane 0.82 0.50 N.D. 0.13** 133 111 104** 98* 
n-octacosane 4.5 3.2 2.9 2.8 2,998 2,432 2,404 2,289* 
n-tricontane N.D. N.D. N.D. N.D. 102 85** 74** 74* 
n-dotricontane N.D. N.D. N.D. N.D. 1,028 991 947 897 
n-hexatriacontane N.D. N.D. N.D. N.D. 703 416 433* 368* 
ΣALK 201 142* 114* 93* 23,598 20,013** 19,930** 19,348* 
 
*= statistically significant removal observed after 2 days, **= statistically significant removal observed after 8 days. 
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Figure 3.5 Percent removal of selected n-alkanes and total n-alkanes concentration in sand one 
(S1) after 8 days of oxidative treatment by dose one (D1), dose two (D2), and dose three (D3) 
during reactor studies with standard error bars.  
 
 
Figure 3.6 Percent removal of selected n-alkanes and total n-alkanes concentration in sand one 
(S2) after 8 days of oxidative treatment by dose one (D1), dose two (D2), and dose three (D3) 




































































































































































































































































































































A striking feature in this study is the relatively lower degradation rates obtained whatever 
the reactants and dosage for S2 sand. Low removal rates can be due to insufficient amounts of 
oxidant, lack of driving force, and the limitation caused by sulfate radical scavenging from 
competition of chemical species making up the oxygen demand (Wu et al., 2016). Previous 
studies have determined the ability of persulfate oxidation of PAHs under different doses under 
laboratory conditions (Chen et al., 2015). Chen et al. 2015 determined that with a dosage of 17 
g/L, removal efficiencies for low molecular weight PAHs, high molecular PAHs and total PAHs 
were as follows: 24.5%, 36.2%, and 31.6%. Contaminant oxidation is governed by a number of 
parameters including sediment properties, pollutant status and reaction conditions.  
Sediment texture, porosity, composition of organic matter and crude oil components, and 
the intrinsic oxygen demand can have a substantial effect on degradation (Landmeyer & Bradley, 
2003). Organic matter and reduced chemical species can compete with petroleum-based 
hydrocarbons for persulfate oxidation reactions, consuming a significant portion of the oxidant. 
Removal rates have been shown to decrease with increasing organic matter content (Ranc et al., 
2016). Additionally, studies have shown that increasing the oxidant dosage can have positive 
effects on oxidative degradation of target contaminants till an optimum value, after which 
opposite effects may occur (Lemaire et al., 2013). Studies have also shown that PAH initial 
concentration and repartition between low and high molecular weight compounds can also have 
an influence on degradation (Lemaire et al., 2013). Pollutant adsorption by sand or 
emulsification formations associated with high concentrations of crude oil may further impact 
the efficiency of oxidative degradation of target pollutants. These high concentration formations 
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can reduce the surface area of the crude oil hydrocarbons, restricting chemical oxidants access to 
target pollutants.  
It is important to note that results cannot be directly compared in batched experiments 
and field application, as the sediment-to-liquid ratios, extent of mixing differ, and other 
parameters may vary significantly. However, it can be concluded that persulfate addition has the 
potential to directly degrade a portion of petroleum-based hydrocarbons in Breach One sands 
through a variety of non-specific oxidation reactions. Results from the laboratory indicate that 
the field dosage, D1, is the most efficient dosage for PAH removal tested for sands with lower 
concentrations, like S1, while a higher dose is more appropriate for those sands highly 
contaminated with alkylated PAHs and n-alkanes.  
 3.3.3. Demand for oxygen 
Groundwater oxygen demand 
The oxygen demand of Breach One groundwater was quantified in replicate (N=3) 
untreated groundwater samples (G-1, G-2, and G-3), and persulfate-treated groundwater samples 
(G-1p, G-2p, G-3p). Untreated (C-1, C-2, C-3) and persulfate-treated (C-1p, C-2p, C-3p) control 
groups consisting of only synthetic seawater were simultaneously run in triplicate. Oxygen 
demand values provide an estimate of the oxygen consumption in water by soluble organic 
components, via microbial respiration, and inorganic components, via direct oxidation, and were 
calculated from the slope of DO measurements taken over time (Figure 3.7). The initial slope of 
the untreated groundwater oxygen demand curve is exponential due to decreasing DO 
concentrations from a combination of abiotic reactions with reduced species like sulfide and 
ferrous iron, while the final portion of their slopes are generally linear like the control and 
persulfate-treated slopes. Due to this, two oxygen demand values were calculated for the 
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untreated groundwater samples through linear regression analysis, an initial and final value, 
while one value was calculated for the treated samples and control groups.  
 
 
Figure 3.7 Groundwater oxygen demand curves for (A) untreated and (B) persulfate-treated 
groundwater from Breach One. Note difference in the time scales.  
 
 
The values for groundwater oxygen demand (mg O2/L-hr) obtained from the slopes of the 
oxygen demand curves are summarized in Table 3.6. Added oxygen was consumed (<2 mg/L) in 
80 hours for the untreated groundwater samples versus 1000 hours for the persulfate-treated 
groundwater. The initial slope value for the untreated groundwater samples had a time-step of 
11.4 hours. Untreated groundwater samples had significantly higher oxygen demand when 
compared with persulfate-treated or synthetic seawater control samples. The initial groundwater 
oxygen demand for untreated Breach One samples was approximately 0.32 mg O2/L-hr while the 
demand for persulfate-treated groundwater was measured to be 0.005 mg O2/L-hr, two 




























































































Table 3.6 Groundwater oxygen demand values for experiments using untreated and persulfate-









Untreated 0.029 0.002 0.97 
Treated  3.7E-4  6.5E-5  0.80 
Groundwater 
Untreated 
0.32 0.025 0.97 
0.027 0.003 0.94 
Treated 0.005   3.0E-4  0.96 
 
Significant differences (p values <0.05) were observed when comparing untreated and 
treated sample slopes, indicating that persulfate oxidation substantially impacted the demand for 
oxygen in Breach One sediments. The results imply that the depletion of oxidizable constituents 
from the aquifer groundwater has taken place in the presence of persulfate, lowering the demand 
for oxygen by abiotic reactions, represented by the initial slope value, and biotic reactions, 
represented by the latter slope value. To further investigate this, concentrations of dissolved 
sulfur and iron were monitored throughout the groundwater experiment (Table 3.7).  
 
Table 3.7 Dissolved sulfur and iron concentrations in mg/L in untreated and persulfate-treated 











Pre-Persulfate 0.09±0.02 1.5±0.30 65±0.80 1105±202 
Post-Persulfate 0.0067±0.01 0.04±.0.04 N.D. 7115±341 
Note: N.D.= non-detected 
 
Groundwater samples had initial ferrous iron concentrations of approximately 0.09 mg/L. 
After four days of persulfate treatment, this value decreased by approximately one order of 
magnitude. The decrease in total dissolved iron concentrations is thought to be due to the 
oxidation of ferrous iron to insoluble ferric oxy-hydroxides (Landmeyer & Bradley, 2003). The 
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results also indicate that the oxidation of sulfide to sulfate occurred, with sulfide concentrations 
of approximately 65 mg/L before persulfate addition that decreased to levels below detection 
limits after treatment. It has been previously determined that oxidation of reduced sulfides is 
equivalent to approximately half of the sediment oxygen demand in coastal sediments (Jackson 
& Pardue, 1999).  
A portion of the sulfate concentration post-treatment can also be attributed to the addition 
of the persulfate compound and the formation of sulfate ions after oxidation reactions take place. 
Calculations were performed to determine the amount of sulfate that formed due to the persulfate 
addition. Theoretically, 0.007 moles of sulfate were added to each reactor from the persulfate 
dosage. Approximately 0.022 moles of sulfate were detected in each reactor after oxidative 
treatment, indicating that 0.009 moles of sulfate formed in each bottle from oxidation reactions.  
Specific oxygen uptake rate 
SOUR values were quantified from oxygen demand curves measured in triplicates of 
untreated (S-1, S-2, S-3) and persulfate-treated (S-1p, S-2p, S-3p) sand slurries using 45 gram 
(Figure 3.8) and 65 gram (Figure 3.9) samples of S3 sands. SOUR values are an estimate of the 
oxygen consumption by organic and inorganic components within the sediment matrix using the 
slope fitted to the oxygen demand curves obtained from DO measurements over time. The 
untreated slopes of the oxygen demand curves are exponential because the initial slope may be 
due to decreasing DO concentrations from a combination of abiotic reactions with reduced 
species like sulfide and ferrous iron while the persulfate-treated slopes were generally linear. 
Due to this, two SOUR values were calculated for the untreated samples through linear 
regression analysis, an initial and final slope, while one value was obtained for treated samples. 
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The initial slope for the 65 gram untreated sand slurries had a time-step of 40 minutes while the 
slope time-step for the 45 gram untreated sand slurries was 150 minutes.  
 
 
Figure 3.8 Sand oxygen demand curves for experiments conducted on 65 grams of sediment. (A) 
shows results for untreated sediment and (B) presents results of persulfate-treated sediment. Note 





Figure 3.9 Sand oxygen demand curves for experiments conducted on 45 grams of sediment. (A) 
shows results for untreated sediment and (B) presents results of persulfate-treated sediment. Note 









































































































































































DO was consumed (< 2 mg/L) by hour 3 in untreated 65 gram sand slurries and by hour 7 
in untreated 45 gram sand slurries. The corresponding initial SOUR values in mg/g sediment- hr 
were 2.13E-02 and 1.58E-02 respectively (average=1.86E-02) while the final SOUR values were 
3.72E-04 and 2.39E-03 respectively (average=1.38E-03) (Table 3.8). The persulfate dosage was 
then added to the slurries and the experiment was conducted again after 4 days of treatment. The 
percent decrease in average total sand alkylated PAH and alkane concentrations after persulfate 
treatment were 68% and 59%, respectively (p- values of 0.025 and 0.004). DO concentrations 
decreased below 2 mg/L by hour 48 in persulfate-treated 65 gram samples and by hour 35 in 
treated 45 gram samples. The corresponding SOUR values in mg/g sediment-hr for treated 65 
and 45 gram samples were 4.93E-04 and 1.10E-03 respectively, with an average of 7.95E-04 mg 
O2/g sediment-hr. This value is two orders of magnitude lower than the average for the untreated 
sediment SOUR.  
Table 3.8 Oxygen demand and SOUR values for sand oxygen demand experiments using 45 grams 

















-2.38 0.98 0.71 1.59E-02 
-0.36 0.94 0.11 2.39E-03 
Treated -0.16 0.97 0.05 1.10E-03 
65 
Untreated 
-4.61 0.98 1.38 2.13E-02 
-0.81 0.97 0.24 3.72E-03 
Treated -0.11 0.98 0.03 4.93E-04 
 
Significant differences (p values <0.001) were observed when comparing untreated and 
treated slopes and SOUR values in all samples, indicating that persulfate oxidation substantially 
impacted the demand for oxygen in Breach One sediments. For 45 gram samples, the untreated 
initial SOUR value was approximately 92% higher than the treated SOUR. Similarly, in 65 gram 
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samples, the untreated initial SOUR value was approximately 95% higher than the treated 
SOUR.  
Assuming a sand water content of 20% and a similar distribution of crude oil 
contamination as S3 sediments, a 1 m3 volume of subsurface at Breach One would contain 
approximately 1,930 kg of sand and 200 L of water (Boudreaux, 2012). Applying the values 
determined for untreated oxygen demand (initial value for untreated samples) and assuming a 
theoretical constant supply of oxygen for 1 hour, approximately 3.59E04 mg of oxygen would be 
depleted from sediment within the 1 m3 volume of subsurface during that time, while 64 mg of 
oxygen would be consumed by reactions within the groundwater. In contrast, after persulfate 
treatment, approximately 583 mg of oxygen would be consumed from reactions related to the 
sediment and 1.0 mg from groundwater reactions within the same volume and time.  
The oxidation of sediment matter and reduced chemical species represent the major 
oxygen sinks. The addition of crude oil introduces an additional oxygen demand (Shin, 2000). It 
can be concluded from the results that persulfate oxidation can address the pre-existing oxygen 
demand caused by crude oil and reduced chemical species, improving the efficacy of adding of 
an oxygen releasing compound after chemical pre-oxidation in anaerobic or anoxic 
environments.  
3.4. Conclusions 
Laboratory-scale experiments were conducted in order to assess the potential for direct 
degradation of petroleum-based hydrocarbons in Breach One sediments by application of 
persulfate oxidation technology. Additionally, the fundamental chemical properties affecting 
oxidant consumption were evaluated and the impact of persulfate oxidation on the intrinsic 
oxygen demand in Breach One sediments and aquifer groundwater was determined in order to 
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demonstrate ISCO’s compatibility with enhanced aerobic bioremediation technology in oxygen-
limited environments. 
It was determined that chemical oxidation of crude oil hydrocarbons by persulfate radical 
species is a non-specific reaction process. Results imply that persulfate oxidant was consumed 
not only by target pollutants but also by organic matter and reduced inorganic species. The 
persulfate dosage used in the field-scale experimentation (D1) obtained more significant removal 
of PAHs than higher doses during laboratory studies in sediment with relatively low 
concentrations. In contrast, a higher dosage (D3) obtained more efficient removal of PAHs in 
sediment contaminated with higher concentrations. This dose also obtained the greatest impact 
on n-alkanes, although substantial removal of total alkane concentrations were also obtained with 
the field dosage. In general, higher removal rates for n-alkanes were observed with all doses than 
with PAHs in both types of Breach One sediment. Differential removal of individual PAH and 
alkane compounds was observed and may also be due to oil emulsification formations reducing 
surface area for reactions with target pollutants.  
The demand for oxygen by naturally occurring inorganic and organic species competed 
with target petroleum-based hydrocarbons for persulfate oxidant radicals. However, quenching 
of persulfate radicals lowered the demand for oxygen by approximately two orders of magnitude 
in groundwater and slurry samples. This indicates the efficacy of coupling chemical oxidation 
and enhanced aerobic bioremediation in intrinsically anaerobic or anoxic environments. The 
results of this investigation highlight the significant role that pre-existing hydrological, 
geochemical, and microbiologic parameters have on the outcome of oxygen-based remediation 
strategies and indicate that persulfate oxidation can address the pre-existing oxygen demand 
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caused by crude oil and reduced chemical species, allowing for the successful addition of an 
oxygen releasing compound after chemical pre-oxidation. 
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4. SUMMARY AND OUTLOOK 
 
4.1. Experimental Findings and Implications 
Through better understanding of the processes associated with persulfate oxidation, this 
research aimed to investigate its application to aged, buried MC252 crude oil as an ISCO 
treatment coupled with enhanced aerobic bioremediation in an oxygen-deprived, hypersaline 
beach environment. Two in situ processes—chemical pre-oxidation through the application of 
activated persulfate and enhanced bioremediation through the introduction of an oxygen 
releasing peroxide compound— were used to assess the impact of chemical pre-treatment on 
biodegradation of buried petroleum-based hydrocarbons in an oxygen-limited environment. The 
field site at Breach One on Fourchon Beach, LA was monitored pre-and post-oxidative treatment 
and further insights were derived from laboratory-scale investigations. 
Groundwater parameters throughout the ISCO field-scale treatment process indicated that 
persulfate radical species were efficiently distributed throughout the subsurface by point 
application. Fluctuations in conductivity, pH, ORP, and DO were consistent in the same 
monitoring wells. Perturbation in groundwater parameters returned more rapidly to pre-oxidation 
values following P1 application than was seen after P2. Depletion of the sediment oxygen 
demand and buffering capacity during the first application may have contributed to the delayed 
attenuation of pH, ORP, and conductivity observed following P2 application. The results 
demonstrate that the ISCO process may cause a decrease in pH after a second dosing, most likely 
due to the oxidation of pyrite that results in the release of acidity. 
The changes in composition of microbial populations after the first phase of chemical 
treatment denoted a shift in the microbial community, becoming substantially more diverse 3 
months after P1. NMDS and AMOVA analysis illustrated that chemical oxidation caused 
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significant differences in microbial populations after 3 months, however the first samples taken 1 
month post-P1 were enriched with similar genera as those from pre-P1 samples, indicating the 
resiliency of the population. The substantial increase in microbial diversity 3 months after the 
first phase of persulfate oxidation may indicate both an initial perturbation to persulfate addition 
and a resistance to impacts of oxidation, highlighting the ability for regeneration of normal 
microbial function. 
 Results from the field indicate that ISCO was able to pre-treat levels of PAHs and n-
alkanes through a variety of non-specific oxidation reactions. Significant removal of PAHs and 
n-alkanes for those samples classified as highly contaminated (>100 mg/kg) and lower 
contaminated (<15 mg/kg) samples were observed after P1 oxidation, although only substantial 
alkane removal was seen for moderately contaminated samples (concentrations between 15 and 
100 mg/kg). Further investigations into persulfate oxidative degradation in laboratory 
experimentations demonstrated that oxidant was consumed not only by target pollutants but also 
by organic matter and reduced inorganic species. The persulfate dosage used in the field-scale 
experimentation obtained most significant removal of PAHs during laboratory studies in 
sediment with relatively low concentrations. In contrast, a higher dosage obtained more efficient 
removal of PAHs in sediment contaminated with higher concentrations. This dose also obtained 
the greatest impact on n-alkanes, although substantial removal of total alkane concentrations 
were also obtained with the field dosage. In general, higher removal rates for n-alkanes were 
observed in laboratory experiments with all doses than with PAHs in both types of Breach One 
sediment. 
Additionally, application of ORC in the field after chemical pre-oxidation was sufficient 
to increase DO concentrations in the anoxic environment, indicating the feasibility of aerobic 
 81 
bioremediation with ISCO. The increasing and sustained oxygen concentrations observed at 
Breach One indicate that persulfate satisfied a portion of the intrinsic oxygen demand by 
oxidizing reduced species. The increased oxygen concentrations from ORC is expected to ease 
the environmental pressures associated with the second application of ISCO and to streamline 
the regeneration and capabilities of the microbial community. During laboratory 
experimentation, oxygen demand in Breach One groundwater and sediment decreased by 
approximately two orders of magnitude after 4 days of persulfate treatment, indicating that 
persulfate oxidation can address the pre-existing oxygen demand caused by crude oil and 
reduced chemical species, improving the efficacy of adding of an oxygen releasing compound 
after chemical pre-oxidation in anaerobic or anoxic environments. 
4.2. Future Research 
Development of effective methods for monitoring microbial community alterations post-
oxidative treatment is necessary to promote optimal subsurface conditions that will allow for the 
continued degradation of buried oil at Breach One through aerobic bioremediation. Further 
investigations of the microbial response to the more dramatic impacts on pH subsequent to the 
second application of oxidant and to the increasing oxygen levels after ORC addition will be 
fundamental in developing the full scope of feasibility of coupling the two technologies in 
environments similar to Breach One. Approaches may be considered for matters of overcoming 
groundwater acidification. Future investigations should focus on further optimizing chemical 
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APPENDIX A: BREACH ONE STUDY SITE FIGURES 
 
   
Figure A-1 Breach One channel erosion and groundwater surface discharging, highlighting 
potential for reexposure of subsurface material. 
 
 
Figure A-2 Installation of groundwater injection and monitoring wells. 
 
Figure A-3 Sampling of groundwater wells. 
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Figure A-4 Buried sand sack material and subsurface sediment contamination. 
 
Figure A-5 Solid stem auger and oxidant application. 
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APPENDIX B: GOLDEN SURFER GRIDDING REPORTS 
Table B-1 Fitted parameters table for pre-phase one subsurface PAH concentration contour map. 
Contour maps were created by applying the Kriging Point Grid Method, for which the interpolated 
values are modeled by a Gaussian process governed by prior co-variances incorporating planar 
regression (z=Ax+By+C) and ANOVA analysis determined by Surfer Software. 
 
  A B C 
Parameter Value -46.18 48.61 126.27 
Standard Error 21.06 25.62 181.68 
 
 
Table B-2 ANOVA analysis table and R2 value for pre-phase one subsurface PAH concentration 











Regression 2 511320.12 255660.06 3.21 0.21 
Residual 24 1907966.33 79498.60   
Total 26 2419286.45       
 
Table B-3 Univariate grid statistics results for pre-phase one subsurface PAH concentration 




Count:                  7100 
 
1%-tile:                -41.7547878778 
5%-tile:                -36.7967248638 
10%-tile:                -31.1280093867 
25%-tile:                -16.8501882417 
50%-tile:                6.27103230928 
75%-tile:                98.076304668 
90%-tile:                802.052287614 
95%-tile:                976.225809022 
99%-tile:                1119.29136955 
 
Minimum:                 -43.660535745 
Maximum:                 1285.05149373 
 
Mean:                    156.747385191 
Median:                  6.27123556566 
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Geometric Mean:          N/A 
Harmonic Mean:           N/A 
Root Mean Square:        357.699215305 
Trim Mean (10%):         117.270268452 
Interquartile Mean:      15.0541525452 
Midrange:                620.695478993 
Winsorized Mean:         139.645414583 
TriMean:                 23.4420452612 
 
Variance:                103393.548337 
Standard Deviation:      321.548671801 
Interquartile Range:     114.92649291 
Range:                   1328.71202948 
Mean Difference:         277.981459495 
Median Abs. Deviation:   32.4151360851 
Average Abs. Deviation:  173.608343697 
Quartile Dispersion:     N/A 
Relative Mean Diff.:     N/A 
 
Standard Error:          3.8160806591 
Coef. of Variation:      N/A 
Skewness:                1.88686173441 
Kurtosis:                5.11952038411 
 
Sum:                     1112906.43486 
Sum Absolute:            1236445.47338 
Sum Squares:             908435973.269 
Mean Square:             127948.728629 
—————————————————————————————— 
 
Table B-4 Fitted parameters table for post-phase one subsurface PAH concentration contour map. 
Contour maps were created by applying the Kriging Point Grid Method, for which the interpolated 
values are modeled by a Gaussian process governed by prior co-variances incorporating planar 
regression (z=Ax+By+C) and ANOVA analysis determined by Surfer Software. 
 
  A B C 
Parameter Value 2.23 12.22 -5.97 
Standard Error 14.73 7.45 63.69 
 
Table B-5 ANOVA analysis table and R2 value for post-phase one subsurface PAH concentration 












Regression 2 55491.21 27745.6 1.39 0.062 
Residual 42 836612.38 19919.3   
Total 44 892103.59       
 
Table B-6 Univariate grid statistics results for post-phase one subsurface PAH concentration 




Count:                  4400 
 
1%-tile:                -23.2675596975 
5%-tile:                -11.4405618895 
10%-tile:                -2.17739541118 
25%-tile:                4.74804108821 
50%-tile:                19.6790496115 
75%-tile:                43.3424337882 
90%-tile:                116.727600333 
95%-tile:                194.659193083 
99%-tile:                424.836993651 
 
Minimum:                 -28.8597567985 
Maximum:                 854.48796534 
 
Mean:                    43.7904603706 
Median:                  19.6837442058 
Geometric Mean:          N/A 
Harmonic Mean:           N/A 
Root Mean Square:        92.7169461958 
Trim Mean (10%):         31.3669227074 
Interquartile Mean:      21.0824564807 
Midrange:                412.814104271 
Winsorized Mean:         32.3587270482 
TriMean:                 21.8621435248 
 
Variance:                6680.34595285 
Standard Deviation:      81.733383344 
Interquartile Range:     38.5943927 
Range:                   883.347722138 
Mean Difference:         63.4110130553 
Median Abs. Deviation:   16.9880554015 
Average Abs. Deviation:  39.6958126706 
Quartile Dispersion:     N/A 
Relative Mean Diff.:     N/A 
 
Standard Error:          1.23217711545 
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Coef. of Variation:      N/A 
Skewness:                4.00771511759 
Kurtosis:                24.4000247363 
 
Sum:                     192678.025631 
Sum Absolute:            203799.055448 
Sum Squares:             37824301.2923 




APPENDIX C: MICROBIAL DATA 
 
Table C-1 DNA Sample Description and Oil Concentrations 
 














































Table C-2 The microbial classes that comprise the ‘other section’ in Figure 2.18 (class-level 
taxonomic composition) and their respective relative abundances.  
 
Class 
Relative Abundance (%) 
Feb. HC Feb.  March April May A May B 
Acetothermia 0.01 0.00888889 --- --- 0.058 0.02 
Acidimicrobiia --- 0.24222222 0.2 --- 0.744 --- 
Actinobacteria 0.12 0.05 0.05 0.084 0.08 0.10714286 
Aminicenantes 0.03 0.10222222 0.035 0.022 0.1 0.03285714 
Ardenticatenia --- 0.02444444 0.04 0.222 0.13 0.1 
Atribacteria 0.44 0.29888889 --- 0.056 0.512 0.27285714 
Bacilli 0.16 0.40111111 0.5775 0.512 --- 0.61714286 
Bacteroidia --- 0.35222222 --- --- --- --- 
Bathyarchaeota 0.11 0.26222222 0.185 0.132 0.324 0.18571429 
Betaproteobacteria 0.11 0.13333333 0.3875 0.214 0.042 0.15428571 
Blastocatellia --- 0.00555556 --- 0.052 0.06 0.09142857 
Caldilineae --- --- --- 0.064 --- --- 
Caldisericia --- --- --- --- 0.044 0.05 
Chitinivibrionia --- 0.00777778 --- --- --- 0.08285714 
Chlamydiae --- 0.02333333 --- 0.11 0.074 0.16714286 
Chlorobia --- 0.04333333 --- 0.036 0.026 0.03571429 
Chloroflexi --- 0.14444444 --- 0.072 --- --- 
Clostridia --- 0.53666667 --- --- --- --- 
Coriobacteriia 0.095 0.07888889 0.0425 0.042 0.04 0.07857143 
Cyanobacteria 0.085 0.02444444 0.02 0.044 0.098 0.05285714 
Cytophagia --- 0.44888889 0.4825 0.192 0.034 0.15142857 
Deferribacteres --- 0.18666667 0.125 0.254 0.256 0.31571429 
Dehalococcoidia --- 0.43222222 0.235 0.086 0.14 0.12142857 
Deinococci --- 0.04555556 0.0175 0.08 0.104 0.06857143 
Elusimicrobia --- 0.01666667 0.0175 0.022 0.132 0.07571429 
Fibrobacteria --- 0.07 --- --- --- 0.19428571 
Fimbriimonadia --- --- --- --- --- 0.00714286 
Flavobacteriia --- --- --- --- 0.066 0.27571429 
Fusobacteriia --- --- --- --- --- 0.02571429 
Gemmatimonadetes --- 0.02222222 --- 0.014 --- 0.02 
Gracilibacteria --- --- --- --- 0.048 0.05428571 
Halobacteria 0.055 0.14555556 0.065 --- --- 0.84714286 
Holophagae --- --- 0.065 0.446 0.348 0.39571429 
Hydrogenedentes --- --- --- 0.062 --- 0.11714286 
Ignavibacteria  0.09444444 0.0925 0.764 0.544 0.64142857 
Latescibacteria 0.065 0.21222222 0.105 0.248 0.174 0.13 
Lentisphaeria --- --- --- --- 0.036 0.01857143 
Limnochordia --- --- --- --- --- 0.01428571 
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Lokiarchaeota 0.28 0.36666667 0.17 0.06 0.256 0.31857143 
Melainabacteria --- --- 0.0175 0.082 0.138 0.17857143 
Methanobacteria --- 0.02444444 --- --- --- --- 
Methanomicrobia --- 0.14777778 0.0625 0.168 0.084 0.09857143 
Mollicutes 0.275 0.11111111 0.575 0.188 0.592 0.71 
Nitriliruptoria  0.01222222 0.0175 0.052 0.086 0.04857143 
Nitrospira 0.055 0.19777778 0.1925 0.574 0.16 0.19428571 
Oligosphaeria --- --- 0.025 0.052 0.1 0.13285714 
Omnitrophica 0.115 0.06222222 0.065 0.108 0.23 0.22142857 
Opitutae --- --- --- 0.054 0.054 0.11285714 
Parcubacteria --- 0.04555556 --- 0.152 0.112 --- 
Phycisphaerae 0.14 0.27111111 0.325 0.584 0.648 0.09 
Planctomycetacia 0.245 0.43111111 0.1975 --- 0.832 0.74285714 
Planctomycetes --- 0.05444444 --- --- --- 0.17714286 
Proteobacteria --- 0.76 0.1225 0.52 0.252 0.28428571 
Spartobacteria --- --- --- --- 0.02 --- 
Sphingobacteriia 0.16 0.08222222 0.1325 0.274 0.754 0.86428571 
Spirochaetes 0.74 0.65 --- --- --- --- 
Synergistia --- --- --- --- 0.166 0.06857143 
Thermoleophilia 0.05 0.05777778 0.0375 0.032 0.05 0.05428571 
Thermomicrobia --- 0.00444444 --- 0.038  0.04857143 
Thermoplasmata 0.11 0.40222222 0.19 0.08 0.342 0.20714286 
Thermotogae 0.83 --- 0.12 0.106 0.72 0.45571429 
Verrucomicrobiae --- 0.03666667 0.02 0.07 0.072 0.14 
Woesearchaeota --- --- --- --- 0.776 --- 
 
Table C-3 The microbial genera that comprise the ‘other’ section in Figure 2.19 (genus-level 
taxonomic classification of microbes in the dominant Gammaproteobacteria class) and their 
respective relative abundances.  
 
Genus 
Relative Abundance (%) 
Feb. HC Feb.  March April May A May B 
Acidibacter --- --- 0.004861 --- --- 0.044297 
Acidihalobacter --- --- --- --- 0.009135 --- 
Acinetobacter 0.009386 0.001855 0.004861 --- --- --- 
Alcanivorax 0.77905 --- --- --- 0.328857 --- 
Algiphilus --- 0.001855 --- --- --- --- 
Aliidiomarina --- 0.842239 0.116675 0.097765 0.027405 --- 
Alishewanella --- 0.198501 0.024307 0.009311 --- 0.166113 
Alteromonas 0.009386 0.536139 0.004861 0.009311 --- --- 
Amphritea --- --- --- 0.013966 --- --- 
Aquicella --- --- 0.004861 0.013966 0.027405 0.027685 
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Aquimonas --- --- --- --- 0.009135 0.005537 
Aquisalimonas --- --- --- --- 0.109619 0.027685 
Arenimonas 0.009386 ---  0.004655 --- --- 
Arenimonas --- --- --- --- --- 0.016611 
Arhodomonas --- --- --- 0.004655 --- --- 
Caedibacter --- --- --- 0.004655 --- --- 
Cellvibrio --- --- --- --- --- 0.016611 
Coxiella 0.009386 0.022262 0.009723 0.013966 0.03654 0.060908 
Ectothiorhodospira 0.018772 --- --- --- --- 0.005537 
Ferrimonas --- --- --- 0.004655 --- --- 
Fontimonas --- --- --- 0.009311 --- 0.022148 
Granulosicoccus 0.009386 --- --- --- --- --- 
Halochromatium --- --- --- 0.004655 0.01827 0.022148 
Halomonas 0.375446 0.055655 0.009723 0.004655 0.027405 0.027685 
Halothiobacillus --- --- 0.082645 0.283985 --- 0.797342 
Hydrogenovibrio --- --- 0.004861 --- --- --- 
Idiomarina --- --- --- --- --- 0.681063 
Kangiella --- 0.018552 0.111813 --- 0.100484 0.022148 
Lacimicrobium --- 0.840383 --- --- --- 0.3433 
Legionella 0.028158 0.018552 --- 0.037244 0.091349 0.099668 
Litorivivens --- --- --- 0.004655 --- --- 
Luteimonas --- 0.001855 --- 0.027933 --- 0.022148 
Lysobacter --- --- --- 0.009311 0.01827 0.011074 
Marinicella --- 0.00371 --- --- ---  
Marinimicrobium --- 0.18366 0.024307  --- 0.110742 
Marinobacterium 0.140792 0.610345 --- 0.195531 0.703389 0.143965 
Marinomonas --- 0.115019 0.748663  ---  
Marinospirillum 0.150178 0.007421 --- --- --- 0.005537 
Methylhalobius 0.046931 0.157688 0.019446 --- --- --- 
Methylohalomonas --- 0.001855 0.004861 0.167598 0.118754 0.094131 
Methylomarinum 0.009386 --- --- --- 0.063944 0.033223 
Methylomicrobium --- --- --- 0.009311 --- 0.022148 
Microbulbifer --- 0.00371 --- --- 0.027405 0.033223 
Motiliproteus 0.065703 0.313521 0.23335 0.172253 0.191833 0.193798 
Nitrincola 0.046931 0.259721 0.004861 --- 0.009135 0.321152 
Nitrococcus --- 0.00371 --- 0.074488 0.073079 0.088594 
Nitrosococcus --- 0.001855 --- 0.013966  0.011074 
Oceanisphaera --- --- 0.009723 --- --- 0.011074 
Oceanococcus --- --- --- 0.004655 --- --- 
Oleiagrimonas --- 0.00371 0.004861    
Oleibacter --- --- --- 0.004655  --- 
Oleiphilus --- --- --- 0.018622 0.022148 0.066445 
Photobacterium --- --- --- --- --- 0.005537 
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Polycyclovorans --- --- --- 0.004655 --- --- 
Porticoccus 0.732119 --- --- 0.358473 0.03654 0.060908 
Pseudoalteromonas --- 0.43596 0.155566 0.09311  0.033223 
Pseudofulvimonas 0.028158 0.009276 --- 0.009311 0.01827 --- 
Pseudohongiella 0.891684 0.439671 0.505591 0.870577 0.137024 0.598007 
Pseudomonas 0.009386 0.007421 0.019446 0.037244 0.027405 0.116279 
Psychromonas 0.009386 0.035248 0.048614 0.041899 0.05481 0.027685 
Rehaibacterium --- 0.011131 0.009723 0.027933 0.210103 0.459579 
Reinekea 0.028158 0.038958 --- --- --- --- 
Rheinheimera --- 0.001855 0.009723 0.004655 --- 0.03876 
Saccharospirillum --- --- 0.291687 0.274674 --- 0.802879 
Salinispirillum 0.675803 0.115019 0.126398 0.8473 0.03654 0.011074 
Salinivibrio --- 0.014841 --- --- 0.009135 --- 
Sedimenticola 0.009386 0.029682 --- 0.013966 0.009135 0.011074 
Shewanella 0.018772 0.254156 0.573651 0.09311 --- 0.011074 
Silanimonas --- --- --- --- --- 0.005537 
Solimonas --- --- --- --- --- 0.005537 
Spongiibacter --- --- --- 0.060521 --- --- 
Stenotrophomonas --- --- 0.004861 --- 0.009135 --- 
Steroidobacter --- 0.00371 --- --- --- --- 
Sulfurifustis 0.009386 0.011131 0.004861 0.069832 0.063944 0.03876 
Thalassotalea --- 0.005565 --- --- --- --- 
Thioalbus --- 0.00371 0.038892 0.037244 0.01827 0.393134 
Thioalkalimicrobium 0.234654 --- 0.252795 --- 0.127889 --- 
Thioalkalivibrio 0.009386 0.001855 --- --- 0.009135 0.005537 
Thiogranum --- 0.033393 0.043753 0.060521 0.082214 0.055371 
Thiohalobacter --- --- --- --- 0.009135 --- 
Thiohalomonas --- --- 0.004861 0.004655 0.027405 0.055371 
Thiohalophilus --- --- 0.729217 0.803873 --- --- 
Thiohalorhabdus --- --- 0.004861 --- --- --- 
Thiohalospira --- --- --- --- 0.009135 --- 
Thiorhodovibrio --- --- --- --- --- 0.005537 
Vibrio 0.009386 0.18366 --- --- --- --- 









Figure C-1 Genus-level taxonomic composition for each sample date. Relative abundances are 
displayed only for taxa representing more than 1% of the total sample dataset reads and taxa with 
abundances below 1% are collectively labeled as “others”. 
 
  





















































APPENDIX D: LABORATORY STUDY FIGURES 
Figure D-1 S1 Persulfate degradation jar studies. Jar on the left is from the control group while 
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